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Abstract

Thomson-scattering based x-ray radiation sources, in which a laser beam is scattered off a

relativistic electron beam resulting in a high-energy x-ray beam, are currently being developed by

several groups around the world to enable studies of dynamic material properties which require

temporal resolution on the order of tens of femtoseconds to tens of picoseconds. These sources

offer pulses that are shorter than available from synchrotrons, more tunable than available from

so-called Ka sources, and more penetrating and more directly probing than ultrafast lasers.

Furthermore, Thomson-scattering sources can scale directly up to x-ray energies in the few MeV

range, providing peak brightnesses far exceeding any other sources in this regime. This

dissertation presents the development effort of one such source at Lawrence Livermore National

Laboratory, the Picosecond Laser-Electron InterAction for the Dynamic Evaluation of Structures

(PLEIADES) project, designed to target energies from 30 keV to 200 keV, with a peak brightness

on the order of 1018 photons·s-1·mm-2·mrad-2·0.01% bandwidth-1. A 10 TW Ti:Sapphire based laser

system provides the photons for the interaction, and a 100 MeV accelerator with a 1.6 cell S-Band

photoinjector at the front end provides the electron beam. The details of both these systems are

presented, as is the initial x-ray production and characterization, validating the theory of

Thomson scattering. In addition to the systems used to enable PLEIADES, two alternative

systems are discussed. An 8.5 GHz X-Band photoinjector, capable of sustaining higher

accelerating gradients and producing lower emittance electron beams in a smaller space than the

S-Band gun, is presented, and the initial operation and commissioning of this gun is presented.

Also, a hybrid chirped-pulse amplification system is presented as an alternative to the standard

regenerative amplifier technology in high-power ultrafast laser systems. This system combines an

optical-parametric chirped-pulse amplification (OPCPA) system with a titanium:sapphire-based

four-pass amplifier to provide the high pre-pulse contrast and ease of assembly of an OPCPA

using a commercial pump laser while avoiding the loss of efficiency such a system would

normally entail.
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Chapter 1. Introduction

The unique conditions of atomic-scale interactions impose stringent requirements on any

potential experimental probe of such phenomena. The characteristic spatial scale is given by the

size of an atom, which is on the order of 1 ångstrom (10-10 m). For example,, the spacing of atoms

in a crystal of silicon is1 5.43 Å This length scale is considerably shorter than, for example, the

wavelength of visible light, with is typically on the order of 0.4 – 0.7 µm. Meanwhile, the

characteristic time scale of atomic level changes, such as non-thermal melting2 or shock-induced

phase changes3, is determined by the atomic vibrational period, which is typically on the order of

hundreds of femtoseconds to a few picoseconds.

The obvious solution to the first requirement – a short distance scale – is the use of x-rays.

Within months of their discovery by Wilhelm Roentgen in November 1895 (winning him the first

Nobel prize in physics in1901), x-rays were being used as an invaluable medical diagnostic due to

their penetration depth, which can be orders of magnitude greater than that of visible light

through opaque objects. The work of Max von Laue and William and Lawrence Bragg (again

earning Nobel prizes in 1914 and 1915, respectively), demonstrated the use of the short

wavelength of x-rays to make atomic-structure based measurements via diffraction of x-rays off

crystal lattices.  X-rays have benefits in addition to their small wavelength. If structure of an

atomic system is to be studied, the  best indicator will be the locations of inner-shell electrons,

which are most closely bound to the nuclei. These electrons are bound with energies on the order

of thousands of electron volts, and so are well suited for study with x-rays. Optical light would

instead probe the outermost, least bound electrons.

The solution to the second requirement – a fast time scale – came with the advent of

ultrafast lasers. To measure fast phenomena, either a fast detector or a fast probe of the subject is

needed. For example, if you wanted to catch an image of a bullet in flight, you could either get a

very high-speed camera, which could capture an image of the flying bullet on a short timescale

relative to it’s motion, or you could use a slower camera, and instead use a strobe light to image

the bullets position at a specific moment of time. Modern detector technology can’t effectively get
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much shorter than a picosecond or so. Streak cameras have been demonstrated90 with resolution

down to a few hundred femtoseconds, but the signal-to-noise ratio is typically poor. This leaves,

as the most feasible choice, a fast probe signal, which is where ultrafast lasers come in to play. Q-

switched lasers, wherein all the energy of the cavity is released in a short burst, create pulse-

lengths on the order of several nanoseconds4. Mode-locked lasers5, wherein several different

longitudinally allowed cavity modes are phase-locked to each other, adding coherently to

produce femtosecond scale laser pulses, pushed the ultrafast science field to the forefront. which

has resulted in pulse durations less than 5 fs6. These pulses have been used to make numerous

measurements on ultrashort timescales, such as studies of optically induced phase transitions in

semiconductors2,7-9, the evolution of chemical reactions10, and optical phonon excitation11. The

problem with using ultrafast lasers for atomic-scale measurements is that such systems all

operate in the 0.1 – 1 µm range, and therefore run immediately into the length scale problem

discussed above. Furthermore, the long wavelengths of the light are orders of magnitude larger

than the atomic spacing, and so would average over large atomic volumes.

What is therefore most needed is an ultrafast (fs-ps) x-ray source.

1.1 Approaches to Ultrafast X-Rays

There are several different ways to create short x-ray pulses. The relevant figure of merit

for an x-ray source is what is termed the “peak spectral brightness”. Essentially, it is a measure of

the number of photons available in some small volume of the beam space: having a certain

energy, in a certain time window, going in a certain direction, and coming from a certain point.

The brightness typically is quoted in units of

    

† 

photons

mm2 ⋅ mrad 2 ⋅ s ⋅0.1% bandwidth

The energy range and brightness of a few of sample sources are summarized in Figure 1, and

include synchrotrons, non-thermal laser plasmas, x-ray FELs, and Thomson scattering sources.

These schemes are reviewed here.
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1.1.1 A Few Sources

The mostly widely known (and used) bright, hard x-ray source is the synchrotron. In a

modern (or “third  generation”) synchrotron, electrons are circulated at energies up to a few GeV.

The electron path consists of several straight sections of beamline connected with bending

magnet systems, can generates basically three different types of radiation, as shown in Figure 1.

Radiation with a broad, essentially fixed spectrum is produced in the bending magnet sections, a

natural result of the centripetal acceleration of the electrons. In the straight section of beamline, a

periodic magnetic structure is inserted (called, appropriately enough, in synchrotron parlance an

“insertion device” – see Figure 7). This structure causes the electrons to oscillate, and thereby

produce radiation. This radiation is generally beamlike, and, depending on the strength of the

magnetic field applied, either relatively narrow in bandwidth and tunable (the “undulator” limit,

when the transverse excursions of the electron remain within the emission cone of the radiation)

or as broad as that of bending magnet radiation, though significantly brighter (the “wiggler”

limit, when each oscillation of the electron radiates like a bending magnet))12. Quite a bit of

ultrafast science has been done using this radiation, often coupled with an ultrafast laser13-16.

Peak Brightness v. Energy
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Figure 1 Peak brightness of several short x-ray pulse sources. Spring-8 and APS are
synchrotron facilities, Cu K-alpha is a non-thermal laser plasma source, and
PLEIADES and LBL Thomson are Thomson scattering based sources.
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Table I shows some typical synchrotron parameters. Synchrotron radiation usually has a

pulse length on the order of a few tens to hundreds of picoseconds, the length of the electron

bunch. However, a way to reduce this length has been proposed17 and demonstrated18 recently at

Lawrence Berkeley National Laboratory (LBL). In this scheme, the electron bunch circulating in

the synchrotron is made to interact with a high-intensity short-pulse laser inside a wiggler

structure, causing a shift in energy of the part of the electron bunch that sees the laser pulse. This

“slice” of the electron bunch is then spatially separated from the rest of the bunch in a bending

magnet, and produces it’s own radiation that is spectrally similar to that of a normal bunch, but

much shorter in duration (typically 10s to 100s of fs). Although this helps overcome some of the

limits in the pulse duration, it doesn’t change the energies achievable in a synchrotron which, as

can be seen in Figure 1, starts to fall off rapidly as you get past 100 keV.

A newer laser-driven source, and one of growing popularity, is what is generally referred

to as a “Ka source” 20. The name comes from the fact that the spectrum generated is that of the Ka

line of the target material.  These are systems in which an ultrashort pulse laser is focused onto a

metal, creating a plasma. The intense laser field then accelerates the electrons in the plasma to

energies up to 100 keV in back towards the metal, and when they interact they give off a bright

flash of x-rays. The duration of this x-ray burst is similar to the duration of the laser pulse, and

therefore can be as short as tens of femtoseconds. These pulses have allowed for numerous useful

experiments21-30. The significant downside is the fixed energy of the x-ray pulse. Since the energy

is defined by the Ka line of the target material (e.g. 8 keV for copper), changing the energy

requires replacing the target material, which is generally not something that could be done

Table I — Sample synchrotron parameters19

Electron
Energy

Pulse
Duration

Undulator Tuning
Range

Advanced Light Source –
ALS (California)

1.9 GeV 35-70 ps 0.23-1.8 keV

Advanced Photon Source -
APS (Illinois)

7.0 GeV 100 ps 3.5-38 keV

European Synchrotron
Radiation Facility – ESRF

(France)

6.04 GeV 70 ps 2.6-22 keV

Spring-8 (Japan) 8.0 GeV 120 ps 4.7-51 keV
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during the course of an experimental run.

A third source is an x-ray free electron laser, such as the proposed Linac Coherent Light

Source (LCLS) to be built at the Stanford Linear Accelerator Center (SLAC) 31. This system would

produce light at a few keV that is 10 orders of magnitude brighter than current sources (expected

brightness is ~1034 photons s-1 mm-2 mrad-2 0.1%BW-1). The downside here is again the low energy

limit, and the fact that it will be years before this source is operational (currently scheduled for

2009). Plus this source also suffers one of the other significant drawbacks of synchrotrons – the

large-scale facility investments required limit the number of available sources.

1.1.2 Thomson Scattering

The fourth option is what is referred to as a “Thomson source”. In this scheme, high-

intensity laser light is scattered from relativistic electrons, and the Doppler shift induced in the

scattered light transforms the laser photons into x-ray photons. This process is referred to in the

literature variously as “Thomson scattering”48, because that is typically the scattering process

involved in the rest frame of the electron since the laser photon energy is below the rest-mass

energy of the electron; “Compton scattering”41 as a more general name when the Thomson

condition isn’t met; “Inverse Compton scattering”59, due to the transfer of energy and momentum

from the electron to the photon, the opposite of the effect Compton first observed; and “Laser

Synchrotron Radiation” 37, due to the parallels between this source and synchrotron radiation

that will be discussed in Section1.2.3.1. Because the physics of the source covered in this

dissertation are based in the Thomson scattering limit, I will refer to this process as Thomson

scattering throughout.

Thomson scattering from relativistic electrons was first studied in depth in the 1940s,

when it was postulated as a slowing mechanism for intergalactic electrons32. It was not until the

invention of the laser in the 1960s, however, that the first Compton sources were proposed33,34

and demonstrated35,36. These experiments generated 4 photons shifted by only 259 Å, and eight

850 MeV photons per pulse, respectively.

After the initial demonstrations, interest in producing Compton sources waned due to

the low brightness of the x-rays produced — a consequence of the low cross-section for Compton
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scattering [sT = 6.65 x10-25 cm2, see (21)]. In recent years, however, powerful lasers, photoinjectors,

and high-quality accelerators have become commonplace, and the possibility of producing a high

photon and relativistic electron densities, and consequently high x-ray fluxes, has renewed

interest in the field. A variety of theoretical research into proposed sources was performs37-39, and

in 1996 the first subpicosecond hard x-ray source was demonstrated at Lawrence Berkeley

National Laboratory40. This projected produced 5 ¥ 104 photons with a peak energy of 30 keV.

Similar results have been obtained by others (see Figure 9).

1.2 The Theory of Thomson-Scattering Based X-Ray Sources

Numerous articles studying the properties of Thomson scattering from a relativistic

electron beam have been published41-52, focusing on different aspects of both linear and non-linear

Thomson scattering processes and taking various approaches. For the source we are interested in

developing, only the linear theory is relevant; that is what I shall develop here (the meaning of

“linear” in this context will be explained which the assumption is made). I’ll begin with

straightforward derivation of the key features of Thomson scattering using a single electron and a

electromagnetic plane wave. Those results can then be applied to a “real” source, with an electron

bunch of finite emittance and a laser beam of finite size and duration. I’ll give a general overview

of some of the nonlinear effects at the end.

1.2.1 An Ideal System

To introduce the main features of Thomson scattering, we’ll start by assuming we have

an infinite plane wave, polarized along the x axis, with frequency winc:

      

† 

r 
E 

r 
x , t( ) = E0 ˆ x e

i
r 
k inc⋅

r 
x -winct( ) . (1)

This wave impinges upon an electron, traveling with speed v in the +z direction, at an angle of qinc

relative to the electron’s direction of motion. Since the plane wave is propagating in vacuum, the

x-axis polarization (chosen here to be perpendicular to the electron’s direction of motion) requires

the laser wave vector ,    

† 

r 
k inc , to lay in the y-z plane (i.e. kx=0) because, via Maxwell,

      

† 

— ⋅
r 
E = 0 fi

r 
k inc ⋅ ˆ x = 0 .
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A similar derivation to what follows, but for an arbitrary incoming polarization (and     

† 

r 
k inc ), is

presented in Ref. 53.

1.2.1.1 Scattered Photon Energy

We begin with the observed energy of the scattered radiation. Figure 2 shows the geometry we

are considering: an electron with velocity       

† 

r v = vˆ z , and a plane EM wave with frequency winc

incident upon it at an angle qinc from the +z axis. The scattered radiation will be observed at an

angle qobs. The lab-frame wave 4-vectors for the incoming and observed radiation are

  

† 

k inc
m =

w
c

,
r 
k inc

Ê 

Ë 
Á 

ˆ 

¯ 
˜ =

w
c

,k0,inc sin p -q inc( ) cosf inc ,k0,inc sin p -q inc( )sinf inc ,k0,inc cos p -q inc( )
Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

=
w
c

,k0,inc sinq inc cosf inc ,k0,inc sinq inc sinf inc ,-k0,inc cosq inc

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

k obs
m =

w
c

,k0,obs sinq obs cosfobs ,k0,obs sinq obs sinfobs ,-k0,obs cosq obs

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

z

y

x

e-
  

† 

v

    

† 

(w inc, kinc)

    

† 

(wobs, kobs)

qinc

qobs

fobs

finc

Figure 2 Simple Thomson scattering geometry for calculating the observed scattered
radiation
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Transforming to a coordinate system co-moving with the electron with the Lorentz

transformation

      

† 

¢ k inc
m = g

w inc

c
- bkz , kx, k y, k z - b

w inc

c

Ê 

Ë 
Á 

ˆ 

¯ 
˜ , (2)

where

      

† 

g = 1- b 2( )
-1

, b =
v
c

, k0 =
r 
k ,

gives for the electron-frame wave vectors

        

† 

¢ k inc
m = g

w inc

c
+ bk0,inc cosq inc, k0,inc sinq inc cosf inc, k0,inc sinq inc sinf inc,-k0,inc cosq inc - b

w inc

c

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

=
¢ w inc

c
,
r 
¢ k inc

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

      

† 

¢ k obs
m = g

wobs

c
- bk0,obs cosq obs, k0,obsk0,inc sinq obs cosfobs, k0,obs sinq obs sinfobs, k0,obs cosq obs - b

wobs

c

Ê 

Ë 
Á 

ˆ 

¯ 
˜ .

Assuming we are in the Thomson scattering limit, so the scattered frequency, w’obs, is equal to the

incident frequency, w’inc, in this frame, we get

† 

¢ w inc

c
=

¢ w obs

c

g
w inc

c
+ bk0,inc cosq inc

Ê 

Ë 
Á 

ˆ 

¯ 
˜ = g

wobs

c
- bk0,obs cosq obs

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

.

Add to this the assumption that we are in vacuum, so

    

† 

k0 =
w
c

,

and we have

† 

wobs

c
1- b cosq obs( ) =

w inc

c
1+ b cosq inc( )

    

† 

wobs = w inc

1+ b cosq inc( )
1- b cosq obs( )

. (3)

The peak energy is observed when qobs = 0. In the highly relativistic limit , where   

† 

b ª1 and

  

† 

g 2 =
1

1- b 2
=

1

1- b( ) 1+ b( )
ª

1
2(1- b)

, (4)
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we have

    

† 

w peak = 2g 2 1+ b cosq inc( ) . (5)

Equation 5 shows that even for an ideal electron, a broad spectrum of radiation is produced,

although the frequency has a perfect correlation with observation angle. This will not be true

once we have multiple electrons and a non-plane-wave laser pulse, as will be discussed in section

1.2.2. Also, note that the angle f does not appear in this equation. This result does not depend on

the laser polarization, and therefore is true for arbitrary laser polarization and     

† 

r 
k inc , including

polarizations not perpendicular to z.

z

y

x

    

† 

r 
a 

e-

q'

f'

Figure 3 The geometry used for considering the Thomson radiation pattern. The electron
is moving in the +z direction in the lab frame.
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1.2.1.2 Scattered Radiation Pattern

The next significant feature of Thomson scattering is the radiation pattern produced.

Figure 3 shows the geometry under consideration in a frame moving with the average velocity of

the electron. q' is the polar angle with respect to the z-axis, and f' is the azimuthal angle in the x-y

plane. A laser polarized along the x  axis drives the electron at frequency w ', causing an

acceleration in x of       

† 

˙ 
r 
v = ˙ b c ˆ x . The total power radiated per unit solid angle is given by54

      

† 

dP
dW

=
e2

4pc
ˆ n ¥ ˆ n ¥ ˙ 

r 
b Ê 

Ë 
Á ˆ 

¯ 
˜ 

2

(6)

where 

† 

ˆ n  is a unit vector in the direction of observation, defined by

    

† 

ˆ n = sin ¢ q cos ¢ f ˆ x + sin ¢ q sin ¢ f ˆ y + cos ¢ q ˆ z . (7)

As long as the acceleration is along the x-axis,   

† 

˙ 
r 
b = bˆ z  (this is the linear assumption), (6)  and (7)

give

    

† 

d ¢ P 
d ¢ W 

=
e2 ˙ b 

2

4pc
1- sin2 ¢ q cos2 ¢ f ( ) . (8)

This is the standard sin2 dipole radiation pattern shown in Figure 4, albeit in a non-standard

coordinate system (if the acceleration is taken to be       

† 

˙ 
r 
v = ˙ b c ˆ z , the sin2 result appears). Because the

energy of all the photons emitted in this frame is the same, the power emitted per unit solid angle

is directly proportional to the number of photons emitted per solid angle:

    

† 

d ¢ P 
d ¢ W 

µ
d ¢ s 
d ¢ W 

= A 1- sin2 ¢ q cos2 ¢ f ( ) . (9)

We will come back to determine the magnitude of the value A in the next section.

This result must now be transformed to the lab frame. The angle q' can be defined by55

    

† 

cos ¢ q =
¢ k z
¢ k 0

=
¢ k zc
¢ w 

.

Using the Lorentz transform relationships from (2), we get

    

† 

cos ¢ q =

g kz -
bw
c

Ê 

Ë 
Á 

ˆ 

¯ 
˜ c

g w - bck z( )
=

g k0 cosq - bk0( )c
g k0c - bck0 cosq( )

=
cosq - b

1- b cosq
 . (10)

The same process with ky', instead of kz', gives
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† 

sin ¢ q =
¢ k yc

¢ w 
=

k yc

g w - bck z( )
=

ck0 sinq

g k0c - bck0 cosq( )
=

sinq

g 1- b cosq( )
. (11)

The converse relations result from swapping primed and unprimed coordinates and changing the

sign of b:

  

† 

sinq =
sin ¢ q 

g 1+ b cos ¢ q ( )
, and (12)

  

† 

cosq =
cos ¢ q + b

1+ b cos ¢ q 
. (13)

The azimuthal angle f=f’ doesn’t change upon transformation, as can be demonstrated by

following the same procedure with kx’ and ky’.

We can now plug (10) and (11) into (9):

    

† 

d ¢ s 
d ¢ W 

= A 1-
sin2 q cos2 f

g 2 1- b cosq( )
2

Ê 

Ë 

Á 
Á Á 

ˆ 

¯ 

˜ 
˜ ˜ 

The number of photons is invariant – it is a counting operation. This leaves the dW’ term to deal

with:

Figure 4 Radiation pattern from an oscillating electron with no average velocity (g=1)
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† 

ds
d ¢ W 

=
ds
dW

dW
d ¢ W 

=
ds
dW

sinqdqdf
sin ¢ q d ¢ q d ¢ f 

=
ds
dW

d(-cosq )df
d(-cos ¢ q )d ¢ f 

.

Using df’= df (because f’= f), and differentiating (10) with respect to cos q, gives

    

† 

d ¢ W 
dW

=
d cos ¢ q 
d cosq

=
1- b 2

1- b cosq( )
2

,

gives us

    

† 

ds
d ¢ W 

=
ds
dW

1- b 2

1- b cosq( )
2

È 

Î 

Í 
Í 
Í 

˘ 

˚ 

˙ 
˙ 
˙ 

-1

and therefore

    

† 

ds
dW

=
A 1- b 2( )

1- b cosq( )
2

1-
sin2 q cos2 f

g 2 1- b cosq( )
2

Ê 

Ë 

Á 
Á Á 

ˆ 

¯ 

˜ 
˜ ˜ 

(14)

or, if the total energy per unit solid angle is desired, we can simply multiply by the photon

energy:

      

† 

dU
dW

=
A 1- b 2( )hwobs

1- b cosq( )
2

1-
sin2 q cos2 f

g 2 1- b cosq( )
2

Ê 

Ë 

Á 
Á Á 

ˆ 

¯ 

˜ 
˜ ˜ 

=
Ahw inc 1+ b cosq inc( )

1- b cosq( )
2

1- b 2( )
1- b cosq( )

1-
sin2 q cos2 f

g 2 1- b cosq( )
2

Ê 

Ë 

Á 
Á Á 

ˆ 

¯ 

˜ 
˜ ˜ 

      

† 

dU
dW

=
Ahw inc 1+ b cosq inc( )

g 2 1- b cosq( )
3

1-
sin2 q

g 2 1- b cosq( )
2

cos2 f

Ê 

Ë 

Á 
Á Á 

ˆ 

¯ 

˜ 
˜ ˜ 
 . (15)

This function is plotted in Figure 5 for several electron energies. The most significant factor at

large g is the 
  

† 

1- b cosq( )
-3

 term, which  dominates the equation and leaves the radiation directed

in a tightly focused forward cone. The null of the radiation, at q=p/2,gives cos q = b. In the highly

relativistic limit, where   

† 

b ª1, 

† 

cosq ª 1 and we can make the small –angle approximations
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† 

cosq ª 1-
q 2

2
sinq ª q

which gives us

† 

1-
q 2

2
= b fi 2 1- b( ) = q 2 =

1
g 2

Figure 5  Radiation patterns for assorted electron velocities. From top to bottom: g = 1.01,
1.1, 2, 10
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where we have made use of (4). This gives a good number for the size of the emission cone.

Since only small angles are relevant, we can use the small angle approximation and (4) to get

  

† 

1- b cosq ª 1- b + b
q 2

2
ª

1

2g 2
+

bq 2

2
ª

1+ g 2q 2

2g 2
, (16)

making (15), in the highly relativistic limit,

      

† 

dU
dW

=
8Ahw inc 1+ b cosq inc( )g 4

1+ g 2q 2( )
3

1-
4g 2q 2

1+ g 2q 2( )
2

cos2 f

Ê 

Ë 

Á 
Á 
Á 

ˆ 

¯ 

˜ 
˜ 
˜ 

(17)

The other important effect to notice is the variation in the radiated power with f. If you

observe the radiation in the plane of polarization, the intensity drops off with q faster than if you

look in the plane perpendicular to the polarization. This leads to a slightly oblong radiation

profile, with the beam elongated along the axis perpendicular to the polarization. This effect is

illustrated in Figure 6.

1.2.1.3 Scattered Amplitude

The last step for our idealized source is to determine the value of A. Recall from (8) that

    

† 

d ¢ P 
d ¢ W 

=
e2 ˙ b 

2

4pc
1- sin2 ¢ q cos2 ¢ f ( ) .

We therefore need to determine   

† 

˙ b . Starting with (1)

      

† 

r 
E 

r 
x , t( ) = E0 ˆ x e

i
r 
k inc⋅

r 
x -winct( ) , (1)

we can use the Lorentz force equation

Figure 6 The radiation pattern in the x-z (solid) and y-z (dashed) planes for an electron
oscillating along the x axis. g=2.
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† 

r 
F = m ˙ 

r 
v = q

v 
E +

q
r 
v 
c

¥
r 
B 

to find   

† 

˙ b . If we assume 
    

† 

r 
v << c , we have

      

† 

˙ 
r 
v =

e
me

E0e
i

r 
¢ k inc⋅

r 
x - ¢ w t( ) ˆ x . (18)

Integrating this with respect to time,

      

† 

r 
v = ˙ 

r 
v dtÚ =

e
me

E0e
i

r 
¢ k inc⋅

r 
x - ¢ w t( ) ˆ x Ú =

eE0

-i ¢ w me

e
i

r 
¢ k inc⋅

r 
x - ¢ w t( ) ˆ x .

The peak magnitude 
    

† 

vpeak = eE0

m ¢ w 
 must be much less than c to satisfy our assumption in

deriving (18), so

    

† 

a0 ≡
eE0

mc ¢ w 
<< 1 (19)

a0 is called the “normalized vector potential” of the laser, and a0
2 is directly proportional to the

photon density. This restriction defines the “linear” regime in Thomson scattering – the regime

relevant for the source we are developing.

The power incident upon the electron is given by the time averaged Poynting vector of

the incoming plane wave54:

      

† 

r 
S =

1
2

c
4p

r 
E ¥

r 
B =

c
8p

E0

2
.

We can therefore take the time-averaged value of 
  

† 

˙ b 
2

,

      

† 

˙ 
r 
b 

2

=
˙ 
r 
v 

2

c2
=

e E0

mec

Ê 

Ë 

Á 
Á 

ˆ 

¯ 

˜ 
˜ 

2

e
i

r 
¢ k inc⋅

r 
x - ¢ w t( )

2

=
1
2

e E0

mec

Ê 

Ë 

Á 
Á 

ˆ 

¯ 

˜ 
˜ 

2

,

plug it in to (8), and divide by the total incident power to get the cross section

      

† 

d ¢ s 
d ¢ W 

=
1

Pinc

d ¢ P 
d ¢ W 

=
e2

mec
2

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

2

=A
1 2 4 3 4 

1- sin2 ¢ q cos2 ¢ f ( ) . (20)

Integrating this over all solid angles yields:
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† 

s =
8p
3

e2

mec
2

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

2

=
8p
3

re
2 = sT = 6.652 ¥10-25  cm2 , (21)

the Thomson cross section. re is known as the “classical electron radius”. Now that we know

    

† 

A = re
2, we can write at last the full relativistic differential Thomson cross section:

    

† 

ds
dW

=
re

2

g 2 1- b cosq( )
2

1-
sin2 q cos2 f

g 2 1- b cosq( )
2

Ê 

Ë 

Á 
Á Á 

ˆ 

¯ 

˜ 
˜ ˜ 

(22)

Or, in the large g/small q limit,

    

† 

dU
dW

=
4re

2g 2

1+ g 2q 2( )
2

1-
4g 2q 2

1+ g 2q 2( )
2

cos2 f

Ê 

Ë 

Á 
Á 
Á 

ˆ 

¯ 

˜ 
˜ 
˜ 

(23)

1.2.2 A Real Source

While the previous section fully described Thomson scattering with an infinite plane

wave and a single electron, a real Thomson source will involve an electron bunch containing >109

electrons and a tightly focused laser beam. Due to the incoherent nature of the Thomson

scattering process56, this real source can be modeled using a distribution of infinite plane waves

that add up to form a real laser beam, and a distribution of electrons to form a real electron

bunch. Although in the idealized source in the previous section there was a one-to-one

correspondence between observation angle and observed energy, a real source, with the different

electrons and plane waves added up, will yield significant spectral broadening at a given

observation angle.

1.2.2.1 Laser Effects

Because of the low cross-section for Thomson scattering, it is crucial to get the photon

and electron densities to be as large as possible (within the limits of the linearity requirement on

a0). Furthermore, the duration of the Thomson x-ray pulse is correlated with  the duration of the

electron and/or laser pulses, depending on the interaction geometry. This means that for short x-

ray pulses, either short laser pulses or short electron bunches are required. Once one of the two is

short it is, in general, no great benefit to having the other be much longer, as the photons or
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electrons outside the temporal interaction window won’t contribute to the x-ray flux. These two

requirements on intensity and pulse duration lead to the decision to use an ultrashort (<ps) laser

system for photon production.

Of course, an ultrashort pulse laser is not monochromatic, as was assumed in deriving

the Thomson equations above. If we want a pulse with a 1/e2 intensity duration of 2Dt,  we need

to sum up infinite plane waves of different frequencies in such a way that

      

† 

E
r 
x , t( ) = E0

r 
x ( )e

-t2

Dt2

e
i

r 
k ⋅

r 
x -wct( )

= A w( )ei
r 
k ⋅

r 
x - wc -w( ) t( )

dwÚ

= E0

r 
x ( )e

-t2

Dt2

= A w( )eiwtdwÚ

This is simply a Fourier transform relationship, so57

      

† 

A w( ) =
1

2p
E0

r 
x ( ) e

-t2

Dt2

e-iwtdwÚ

=
Dt

2 p
E0

r 
x ( )e

-w2Dt2

4 =
1

Dw p
E0

r 
x ( )e

-
w2

Dw2

,

with 
    

† 

Dw =
2
Dt

. Because of this relation, a Gaussian pulse always has

    

† 

DtDw ≥ 2 ,

where both widths are 1/e2 half-widths of the intensity distributions. From (3), in the high-g limit

using (16),

    

† 

wobs = w inc

2g 2

1+ g 2q obs
2

1+ b cosq inc( )  (24)

or   

† 

wobs µ w in, so the relative bandwidth of Thomson scattered energy observed as a result of the

finite pulse width is the same as that of the laser:

    

† 

1
wobs

∂wobs

∂w inc

=
1

w inc

fi
Dwobs

wobs

=
Dw
w

. (25)

Similarly, to maximize the intensity, the laser is tightly focused. Adding up plane waves,

this time with differing     

† 

r 
k , and using a coordinate system where the average laser direction is

along the z axis, we can get

      

† 

E(
r 
x , t) = E0 t( )e

-
x2

Dxl
2
+

y2

Dyl
2

Ê 

Ë 
Á 
Á 

ˆ 

¯ 
˜ 
˜ 

e
i kzz-wt( ) = A kx, k y( )ei

r 
k ⋅

r 
x -wt( )ÚÚ dkxdk y .
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Again, this is a Fourier transform, so

    

† 

A kx, k y( ) =
1

2p

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

2

E0 t( )e
-

x2

Dxl
2
+

y2

Dyl
2

Ê 

Ë 
Á 
Á 

ˆ 

¯ 
˜ 
˜ 

e
-i kxx+ky y( ) dxdyÚÚ

=
DxlDyl

4p
E0 t( )e

-
kx

2Dxl
2

4
+

ky
2Dyl

2

4

Ê 

Ë 

Á 
Á 

ˆ 

¯ 

˜ 
˜ 

=
1

pDkxDk y

E0 t( )e
-

kx
2

Dkx
2
+

ky
2

Dky
2

Ê 

Ë 

Á 
Á 

ˆ 

¯ 

˜ 
˜ 

with 
    

† 

Dkx, y =
2

D xl , yl( )
and therefore

    

† 

DkxDxl ≥ 2, Dk yDyl ≥ 2 .

Converting this into angles,

    

† 

sin Dq l ª Dq l =
Dk^

k0

.

Note that for Dx > 1 µm and 800 nm laser light,

    

† 

Dkx

k0

<

2
Dxl

2p
l0

= 0.25,

assuming an ideal focus, so the small angle approximation is valid. We therefore have

    

† 

Dq lxDxl ≥
l0

p
, Dq lyDyl ≥

l0

p
.

This angle spread on the laser varies the incoming incidence angle qinc. Taking (24), we get

    

† 

1
wobs

∂wobs

∂q inc

=

w inc

2g 2

1+ g 2q obs
2

-sinq inc( )

w inc

2g 2

1+ g 2q obs
2

1+ cosq inc( )
=

-b sinq inc

1+ b cosq inc

fi
Dwobs

wobs

=
-b sinq inc

1+ b cosq inc

Dq inc.

We can see that the bandwidth for a head on collision (qinc=0°) is

    

† 

wobs = w inc

2g 2

1+ g 2q 2
1+ cos Dq l( ) ª A 1+1-

Dq l
2

2

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

    

† 

Dwobs

wobs

=

A 2 -
Dq l

2

2

Ê 

Ë 
Á 

ˆ 

¯ 
˜ - A 2( )

A(2)
= -

Dq 2

4
(26)

while for a side-on collision (qinc=90°) it’s
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† 

wobs = w inc

2g 2

1+ g 2q 2
1+ cos 90 + Dq l( )[ ] = A[1- sin Dq l ] ª A 1- Dq l( )

    

† 

Dwobs

wobs

=
A 1- Dq l( ) - A 1( )

A(1)
= -Dq l (27)

1.2.2.2 Electron Effects

Naturally, the same two effects from the laser beam, energy spread and divergence angle,

are present in the electron beam as well. Here, the limits on the beam performance are usually not

dominated by physical limits like diffraction but by limits on the engineering of the e-beam

system. Instead of calculating a spectral width or wave-vector spread, the electron beam energy

spread and emittance are simply measured. For an energy spread in the electron beam of Dg, in the

high-g limit,

    

† 

1
wobs

∂wobs

∂g
fi

Dwobs

wobs

=
2

1+ g 2q obs
2

Dg
g

.

I will discuss in Chapter 3 the concept of emittance more fully, but for this analysis it is

sufficient to note that

    

† 

Dq ex =
ex

Dxe

, Dq ey =
e y

Dye

where the widths are rms quantities. The electron angle, unlike the laser angle, affects both the

angle of incidence of the laser and the observation angle, since it is defined relative to the

propagation direction of the electrons. The effect on the incident angle is the same as for the laser,

given by (26). The effect on the observation angle is given by

    

† 

1
wobs

∂wobs

∂q obs

fi
Dwobs

wobs

=
2g 2q obs

1+ g 2q obs
2

Dq e ,

which scales with g2, and therefore dominates the effect produced by the incidence angle

variation.

1.2.2.3 Sample Beam

To summarize, (24) is shown indicating which components are affected by which

broadening effects:
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† 

wobs = w inc

Laser
Bandwidth} 2 g 2

Electron
Energy
Spread}

(1+ g 2

Electron
Energy
Spread

{ q obs
2

Electron
Emittance

{ )
(1+ b cosq inc

Laser
Focus}

) .

If we assume a source such as the one we have developed, using the various parameters shown

in Table II we can find for the different contributions:

Laser bandwidth:

    

† 

Dwobs

wobs

=
Dw
w

=
2

85
2

fs
820 nm

2pc
= 2%

Laser focus:

    

† 

Dwobs

wobs

=
Dq l

2

4
=

1
4

820 nm
p 20 mm

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

2

= 0.004%

Electron energy spread:

    

† 

Dwobs

wobs

=
2

1+ g 2q obs
2

Dg
g

= 2 ⋅0.002 = 0.4%

Electron divergence:

    

† 

Dwobs

wobs

=
2g 2Dq e

1+ g 2Dq e
2

Dq e =

2 ⋅1002
5 mm mrad ⋅ rad

1000 mrad

100 ⋅0.99995 ⋅20 mm

Ê 

Ë 
Á Á 

ˆ 

¯ 
˜ ˜ 

2

1+1002
5 mm mrad ⋅ rad

1000 mrad

100 ⋅0.99995 ⋅20 mm

Ê 

Ë 
Á Á 

ˆ 

¯ 
˜ ˜ 

2
= 11.7%

Table II — Sample source parameters used to estimate the relative contributions of various broadening
effects

Interaction angle - qinc 0°
Laser wavelength - l0 820 nm
Laser pulsewidth - 2Dt 85 fs

Laser focal spot - Dxl,Dyl 20 µm
Electron energy - g 100

Electron energy spread – Dg/g 0.002
Electron spot size - Dxe,Dye 20 µm

Electron emittance - exgb, eygb 5 mm mrad
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It’s clear that the electron emittance is the dominant effect in a source with these parameters. This

demonstrates the importance of having a high-quality electron beam.

1.2.3 Nonlinear Scattering

Although only linear Thomson scattering will be performed with the source we are

developing, it is worth briefly exploring some of the nonlinear effects that can be observed. A full

derivation is not intended, merely a general overview. Detailed theories are presented

elsewhere43,45-48. The applicability of these effects will be discussed in Chapter 5, where a future

path is laid out.

There are two somewhat different nonlinear effects. The first manifests itself as a

reduction in scattered x-ray energy as a function of laser intensity, which will be shown to

parallel “K” tuning in synchrotron undulators. The second is the generation of harmonics of the

radiation as the laser intensity rises. This effect is seen at intensities higher than those of the first

effect. Both of these are directly related to the magnitude of a0, defined in (19).

1.2.3.1 Energy Depression

This effect is best seen by starting with a synchrotron undulator. An undulator is a

magnetic device used to produce x-ray radiation from electron beams. It consists (Figure 7) of

alternating pairs of magnetic poles, with a period of lu and peak field B0. An electron traveling

with velocity v  along the z  axis sees the B -field along the x axis, and so feels a force

      

† 

r 
F = e

r 
b ¥

r 
B = ebB z( ) ˆ y , which causes it to oscillate, and therefore radiate.

The undulator creates a field in the lab frame of

S

N

N

S

S

N

N

S

S

N

N
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N

N

S

B0
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z

y

Figure 7 Undulator geometry.
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† 

r 
B = B0 cos

2pz
lu

ˆ x . (28)

To find the field in the electron frame, we have to transform the fields and the undulator length

using54
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Plugging (28) into (29) gives
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As   

† 

v Æ c,   

† 

b Æ 1 and the undulator field starts to look like a plane wave, with frequency

    

† 

wu = kuc =
2pcg

lu

 and amplitude     

† 

E0 = gB0 . If we plug this into the definition of a0 (19), we get

    

† 

a0 =
egB0

mc
2pcg

lu

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

=
eB0lu

2pmc2
= K ,

which is the undulator deflection parameter12. This means that for large g, Thomson scattering

and undulator radiation are nearly identical, and many of the well known undulator equations

can be used to describe Thomson scattering, with K replaced by a0. Most useful is the “Undulator

equation”55:
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or, in Thomson scattering form,
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where the cos qinc term has been added to account for non-head-on collisions. This is equation is

the same as (3), with the exception of the extra 
    

† 

a0
2

2
 term. As the laser intensity increases, the

observed scattered photon energy starts to drop. This can be thought of as a reduced effective g

that results from some of the electrons momentum being shifted from the z axis to the x axis as it

oscillates, resulting in a slightly smaller bz.

1.2.3.2 Harmonic Generation

The second nonlinear effect is harmonic generation. Recall that in (18), the equation for       

† 

˙ 
r 
v 

was derived by assuming v<<c, and ignoring the 
    

† 

q
r 
v 
c

¥
r 
B  term. When a0>1 however, this term is

no longer negligible because   

† 

v ª c. As the electron moves along the x axis relativistically, the

magnetic field starts to push it along the z axis. The velocity changes direction 90° out of phase

with the E and B fields (recall that the amplitude in (18) was imaginary), so during one period the

direction of the force will change 4 times, and the electron, in the frame co-moving with the

average electron velocity, will execute a “figure-8” pattern, as shown in Figure 8.

There is therefore an oscillation in the z direction at a frequency of 2w', which will

produce dipole radiation at that frequency. As the laser becomes even more intense, this z-axis

motion becomes relativistic as well, and interacts with the B field to add a further oscillation in

the x direction, at 3w'. As the laser intensity grows, this process continues, creating higher and

higher harmonics.
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Figure 8 Harmonic radiation generation geometry.
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1.3 The PLEIADES System

Thomson scattering has been successfully observed at a number of sites around the

world, as Figure 9 shows. It is interesting to note that several sources have been operated at very

high (greater than 1 MeV) energies, and a few have been built at lower (<50 keV) energies, but

none between 50 keV and 1 MeV. This region of the spectrum is interesting because, for example,

the K-edges of most heavy metals lie in this region, e.g. tantalum (67.5 keV), gold (80.7 keV),

bismuth (90.54 keV), and uranium (115.0 keV). Also, this part of the spectrum is higher than most

synchrotrons are easily able to produce, so there aren’t as many alternative sources. For these

reasons we decided to build a Thomson source targeting x-ray production in this regime. This

source is called PLEIADES, which stands for Picosecond Laser-Electron InterAction for the

Dynamic Evaluation of Structures. The goal is to produce ultrashort (100s of fs to a few ps), high

brightness (1018 photons/mm2/s/mrad2/0.1% BW) x-ray pulses with tunable photon energies

from 20-200 keV for single-shot diffraction and radiography experiments in high-Z materials.
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Figure 9 Summary of reported observations of Thomson scattering from relativistic
electron beams, showing results from LURE58, KEK59, LBL40, NERL60, Idaho61,
BNL62, Cambridge36, NRL63, Sumitomo64, LLNL, Vanderbilt65, and several g-ray
sources66.
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Thus far, we have successfully demonstrated a flux of ~107 photons/shot, which corresponds

roughly to a brightness of 1016 photons/mm2/s/mrad2/0.1% BW, at energies from 40-140 keV.

The full results are presented in Chapter 4.

The PLEIADES facility requires the simultaneous integration of two laser systems and a

new rf photoinjector with the existing 100-MeV Linear Accelerator at Lawrence Livermore

National Laboratory (LLNL). A block diagram of the overall system is shown in Figure 10. The

temporal overlap requirements necessary to produce Thomson x-rays mean the systems have to

have less than 2 ps of temporal jitter (for a 90° interaction geometry) and less than 20 mm of

spatial jitter at the interaction point.

Chapter 2 discusses the laser system used to generate the 500 mJ of ir light that is

scattered off the electron beam to make the x-rays. Additionally, a potential upgrade to the

system is presented: a hybrid chirped pulse amplifier (HCPA), which is capable of providing

Figure 10 Block diagram of the PLEIADES system



26

much higher contrast laser pulses, useful if the laser is to also be used as a pump in a laser-

pump/x-ray probe experimental set-up. Chapter 3 then discusses the electron system used,

especially a potential option for a future Thomson source, an X-band rf photoinjector, which

provides several benefits over current S-band technology. Chapter 4 presents the geometry of the

interaction region as well as the results of the interaction experiments, allowing a test of the

scattering theory presented in Section 1.2. Finally, Chapter 5 provides some future plans for the

facility, including possible experiments, upgrades, and other uses.
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Chapter 2. Laser Systems

There are two major components to a Thomson scattering source: the electron beam that

provides the energy for the x-rays, and the high-intensity laser which provides the photons to

carry away that energy. The laser subsystem is the subject of this chapter. The PLEIADES facility

uses a titanium-doped sapphire (Ti:Sapphire)-based chirped-pulse-amplification (CPA) laser

system, known by the name FALCON (originally standing for Femtosecond Accelerator Laser

CONcept), to produce 500 mJ of compressed 820-nm laser light to scatter off the electron beam

produced by the system discussed in Chapter 3. What drives the laser development is the nature

of the Thomson scattering process. The fundamental issue is one of cross-section; the more

electrons that see the maximum number of photons, the more x-rays will be produced. This

drives maximization of the laser energy, minimization of the transverse spot size, and

maximization of the interaction length. The only caveat is that the total laser intensity must

remain low enough to keep a0<1.

2.1 The PLEIADES Laser Facility

The PLEIADES Laser Facility consists of an ultra-short pulse front end oscillator and

stretcher (which provides light for both the FALCON laser and the Photoinjector Laser System

discussed in Section 3.2.1), the FALCON laser, and the transport and compression systems which

carry the beam to the interaction region discussed in Section 4.1.2. Each of these are discussed in

turn.

2.1.1 The Front End

The laser system begins with a mirror-dispersion-controlled67, Kerr-lens mode-locked,

Compact C20s Ti:Sapphire oscillator from Femtosource, which produces 30 fs pulses with a

bandwidth of 37 nm centered at 818 nm (see Figure 11). This wavelength was chosen due to a

large number of available dielectric optics designed for operation at 820 nm that were left over

from a previous laser system. Reusing these optics for FALCON allowed significant cost-savings

early on in the project. The laser puts out 450 mW of power with a repetition rate of 81.557 MHz
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(the 35th subharmonic of the S-Band operational wavelength of the accelerator), which translates

to 5.5 nJ per pulse. This oscillator is critical to the operation of the Thomson source as it provides

the seed light for both the high-intensity scattering laser and the uv laser needed for the electron

photoinjector, as well as serving as the master triggering signal for all the timing-sensitive

systems.

To accomplish this latter function, two photodiodes monitor the output pulse train of the

oscillator. One diode signal is split: half the signal is fed into an amplifier which frequency-filters

it to produce a sinusoidal signal that is frequency multiplied in a phase-locked dielectric resonant

oscillator to 2.8545 GHz (the operational frequency of the linear accelerator structure), and is sent

to the rf amplification system. The other half of the signal is sent to a Time-Bandwidth CLX-1000

timing stabilizer. This box takes the measured oscillator pulse train and an 81.557 MHz crystal

clock oscillator signal and keeps them phase locked. The feedback control is accomplished via a

piezoactuator on the high-reflector end of the oscillator cavity to keep control over high-speed

variations, along with a motorized translation stage under the same mirror to track longer term

drifts. Because it is the oscillator pulse train that drives the rf equipment and not the clock

oscillator, any errors the stabilizing box hasn’t corrected for should still be tracked by the rf

system, minimizing timing jitter problems. The second diode signal is sent into a SpectraPhysics
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Figure 11 Spectrum of the Compact C20s oscillator that serves the PLEIADES Thomson
source.
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SM-1 Synchronization Box, which takes the oscillator signal and a 10 Hz pulse train and

generates a 10 Hz signal that is synchronized to the oscillator pulse train, which is then used as a

trigger signal for the rest of the PLEIADES system. The jitter on this signal relative to the

oscillator pulse is approximately 1 ns.

The pulse is then sent into a “aberration-free” all-reflective parabolic mirror based

expander68, diagrammed in Figure 12. This expander uses a unique custom grating which has a

mirror stripe in the center. The beam enters the compressor, strikes the grating above the stripe,

and diffracts towards a parabolic mirror. As the diffracted beam focuses off the parabola, it also

travels downwards, and reflects off the mirror stripe and is directed towards the flat mirror. The

flat mirror, which is located at the focus of the parabola, reflects the beam back towards the

grating where it continues its downward motion, hits the mirror stripe and returns to the

parabolic mirror. There the beam is recollimated and returned now to the lower half of the

grating, where it is diffracted towards a roof mirror. This roof mirror shifts the beam height up an

inch, and sends it back along the same path until the beam emerges from the compressor just

above the input beam. The stretcher uses a 1480 line pair/mm grating, with an angle of incidence

of 55°. After this expander, the stretched pulse length is 680 ps, as illustrated in Figure 13.

The stretched pulse train is then split with a dielectric beam splitter into two beams, with

30% of the light being coupled into a fiber to seed the photoinjector laser (see Section 3.2.1), and

Parabolic Mirror

Flat Mirror

Striped Grating Roof Mirror

Grating

Mirror

Figure 12 The parabolic-mirror based pulse expander layout.
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the remaining 70% used to seed the FALCON laser. Because the same oscillator seeds both laser

systems, minimal timing jitter between the systems is assured.

2.1.2 The FALCON Laser

The overall layout of the FALCON amplification system is shown in Figure 14. Following

the beam splitter that separates the light for the uv laser and the main FALCON system, the pulse

train is injected into a regenerative amplifier. This amplifier consists of a 2.4 m long linear cavity

with two 1.5 m focal length concave end mirrors. The 10 mm diameter x 10 mm long Ti:Sapphire

rod used as the gain medium is pumped by 45 mJ of 532 nm light from a frequency doubled

SpectraPhysics GCR-190 Nd:YAG laser, producing 300 mJ of 532 nm light and running at 10 Hz.

The S-polarized oscillator pulse train is injected into the cavity via reflection off a thin-film

polarizing beamsplitter. This light will, in general, be sent right back out of the cavity reflecting

off a second thin-film polarizing beamsplitter. The pulse to amplify is selected biasing a KDP-

based pockels cell located between the two polarizers to its half-wave voltage, changing the

polarization of the pulse to P and allowing it to pass through the second polarizer. The Pockels

cell voltage is removed before the pulse returns to it, and the pulse is then trapped in the cavity.

The pulse makes 9 round trips in this cavity before it reaches saturation with this pump energy,

and has an energy of 7 mJ. To eject the pulse, the same pockels cell is again switched on,

Figure 13 2 Ghz photodiode measurement of the stretched pulse length, showing a 680 ps
pulse length. Also shown is a measurement of the oscillator pulse, which
indicated the photodiode response speed.
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returning the polarization of the laser pulse to S and allowing it to reflect off the polarizer.

Following the regenerative amplifier is a second pockels cell, a waveplate, and a Glan-Taylor

polarizing cube, which are used to reject all the extraneous pulses from the oscillator and

amplifier cavity, and leave the single amplified pulse. The final beam shape and spectrum are

shown in Figure 15a. The 1/e2 spot radius is 0.98 mm x 1.04 mm, and the spectral FWHM is 24

nm.

Following the regenerative amplifier is the first of two power amplifiers. This amplifier,

referred to as the “a-4-pass”, is configured in a four-pass bow-tie geometry as depicted in Figure

14. The 25 mm diameter x 16 mm long Brewster cut Ti:Sapphire crystal is pumped with the 200

FemtoSource Compact
30s Oscillator
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Regen
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CAM

CAM

CAM

CAM
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Beam Splitter

Lens

Isolator

KEY

CAM Pointing/Centering
Diagnostic Camera

Figure 14 General layout of the FALCON laser system.
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mJ of 532 nm light from the GCR-190 that is not used in the regenerative amplifier. The total gain

of this amplifier is 9, giving a final output energy of 63 mJ. Figure 15b shows the beam profile

(1.48 x 1.28 mm 1/e2 radius) and spectrum (22 nm FWHM) after this amplification stage.

Considering the final application of this system, one major concern is the pointing stability of the

laser. To generate x-rays, the laser will have to travel over 50 m, and still arrive at a spot 20 µm in

diameter. To help minimize long-term drift, an automated pointing and centering system has

been installed. Laser light leaking through two mirrors (as shown in Figure 14) is imaged into

two cameras to provide pointing and centering reference images. LabView-based software

monitors these images, and adjusts the beam pointing accordingly.

After the a-4-pass is a second power amplifier, the b-4-pass, This stage, like the a-4-pass,

is a four-pass bowtie configuration. The 25 mm diameter x 25 mm long Ti:Sapphire crystal is

pumped simultaneously by two different lasers. One is a SpectraPhysics PRO-350 frequency-

doubled Nd:YAG system producing up to 1.5 J of 532 nm light, and the other is a Continuum

frequency doubled Nd:YAG system which produces 1.2 J of 532 nm light. Both lasers produce
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Figure 15 a) regenerative amplifier output spectrum and fit and beam profile. b) a-4-pass
output spectrum and fit, and beam profile.
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supergaussian beams which are relay imaged to the Ti:Sapphire crystal to maintain their quality,

with a diameter of 11 mm. Both beams are split in two and each pumps the gain medium from

both sides This helps to assure uniformity of the gain region in the crystal. Again, the incoming ir

beam is monitored by the automated pointing and centering system to preserve, over the course

of the operating day, the alignment of the laser through the amplifier.

2.1.3 Beam Quality

The overall gain of the b-4-pass is 20, giving a final energy output of 1.2 J. Figure 16

shows the final beam profile out of the amplifier. The 1/e2 beam radius is 35 x 37 mm after the

expanding telescope. Because the nature and quality of the focal region of the laser is directly

relevant for the scattering interaction, an M2 measurement was made by measuring the beam

waist, w(z), as a function of position about the focal point. Fitting this curve to the beam

propagation equation
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w z( ) = w0 1+
lM 2 z - z0( )

pw0
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gives a value for M2, which gives a reliable measure of beam quality. (This quality measurement

is very similar to the emittance of an electron beam, a parallel which will be discussed in more
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Figure 16 Beta output beam profile and M2 measurement.
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detail in Section 3.1.1). The M2 measurement of the beam waist is shown in Figure 16, and gives a

value of 1.64 in the x direction and 1.58 in the y direction

Another factor that will affect the laser focus in the interaction region is the effect of

thermal lensing in the b-4-pass, There are three effects that contribute to the thermal lens in an

end-pumped rod69. One is the temperature-dependant index of refraction of the gain medium. A

transverse temperature gradient becomes a transverse index gradient, acting in effect like a lens.

The second effect is the thermal expansion of the gain medium. Higher temperatures in the center

of the rod result in the center expanding more than the edges, leaving a curvature to the rod that

results in a lensing effect. The third effect results from thermal stresses induced in the rod, which

translate to variations in the index of refraction via the photoelastic effect.

To examine the thermal lensing effect in this system, the setup shown in Figure 17 was

used70. A He:Ne laser beam is enlarged to a size comparable to that of the ir beam to be amplified,

collimated, and passed through the Ti:Sapphire crystal. This beam is then focused and the focal

position noted. The crystal is then pumped, and the change in the position of the focal spot is

measured. This chain of optics is modeled via simple ray-tracing matrices by
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Carrying out the matrix multiplication gives
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In the case of the unpumped sapphire, fthermal becomes infinite, and s becomes equal to f. Defining

Ds=f-s, the change in the focal position as the thermal lens changes, an equation for fthermal can be

found:

 
Figure 18 b-4-pass focus with and without being pumped, showing the thermal lensing

effect on the focus. In the pumped case, the pump lasers are mistimed to there is
no gain.

Table III — Values used in the thermal lensing calculation

K Heat conductivity 46 W m-1 K-1 [71]

† 

∂n
∂T

Thermal coefficient of refractive index 1.2·10-6 K-1 [71]

ae Coefficient of thermal expansion 5·10-6 K-1 [71]
n Index of refraction 1.763 [71]
r0 Rod radius 15 mm
L Rod length 25 mm
wp 1/e2 pump beam radius 3.25 mm
Q Heat absorbed by rod 5.6 W
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Using a focusing lens with f=500 mm, and a distance from the sapphire rod of d=1400 mm,

pumping with 1.06 J of energy showed the focus to move a distance of Ds=5.297 mm,

corresponding to a thermal lens of fthermal=48.1 m. The theoretical expectation for the thermal lens

is given by70
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Figure 19 a) Schematic of the transport system to the compressor, showing the alignment
references, and b) a 3D-CAD model of the FALCON compressor
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with the various constants and variables given in Table III. This predicts a thermal lens for the

experimental set-up of fthermal=47.2 m, and for the fully pumped FALCON system of fthermal=20.5 m.

Figure 18 shows the change in focus between a pumped and unpumped rod in the b-4-pass. In

the pumped case, the pump lasers are mistimed, so they have a thermal effect on the rod, but

there is no gain in the crystal.

Following the b-4-pass, the beam is up-collimated for transport to the pulse compressor. The laser

is relay imaged 46.5 m to the compressor via a vacuum relay telescope as shown in Figure 19a. In

order to align the laser through the transport system, four automated crosshairs were installed

that could be inserted remotely into the beam. Two cameras view the leakage light through two

of the mirrors to monitor the beam alignment, and four motorized mirror are used to manually

adjust the beam path. The compressor itself is shown in Figure 19b,  and it compresses the beam

to 55 fs, as shown in the GRENOUILLE72 data in Figure 20. The compressed pulse then

propagates 20 m to the final focusing optics. The transmission through the transport and

compressor is 45%, leaving up to 540 mJ available in the interaction region for Thomson

scattering, as discussed in Section 4.1.2.
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2.2 A Hybrid Chirped-Pulse Amplification System

There are essentially two ways to create or amplify a collection of coherent photons. The

first, most common, and most well known, is through laser action. Here some gain medium, be it

a solid (such as a titanium-doped sapphire crystal or neodymium-doped glass), liquid (dye

lasers) or gas (He:Ne, Argon Ion, or excimer lasers) is given energy in the form of light,

electricity, or even a chemical reaction, which creates a population inversion between a ground

state and a metastable excited state. A photon of the right energy passing through this medium

can then quantum mechanically trigger the release of this stored energy into additional, identical,

coherent photons. This is the stimulated emission of radiation from which lasers take their name.

However, there is an alternative.

2.2.1 Optical Parametric Amplification

The transfer of the energy to a gain medium can be bypassed entirely, and the energy can

instead be passed directly to the desired beam. As and example, while a 808-nm laser diode,

directed onto a Nd:YVO4 crystal can create an inversion which can lead, through laser action, to

the generation of a 1064 nm beam, that 1064 nm beam can be directed at a (properly oriented)

KDP crystal to generate a 532 nm beam via  nonlinear processes, where two 1064 nm photons

interact to create a 532 nm photon through harmonic generation. By the same physical process,

one beam can be amplified with light from a second beam via difference-frequency generation

(DFG). Here, a high-photon-energy “pump” beam (wavelength lp) is mixed in a nonlinear crystal

with a lower-photon-energy  “signal” beam (ls). What is generated is an “idler” beam (li) with

photons of energy
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For example, with a 532-nm pump and a 800-nm signal, a 1588-nm idler will be generated. More

importantly, for each idler photon that is generated, another signal photon is also created,

amplifying the signal beam.

Naturally, the catch of this direct conversion scheme is that it essentially requires the

work of the laser amplification scheme to have already been done, because getting reasonable



39

efficiency out of nonlinear processes requires relatively high intensity coherent beams. However,

once such a beam is available, the range of nonlinear processes and materials allows many

regimes of operation that would otherwise be difficult to reach. Most notably, optical parametric

oscillators and amplifiers can be made to function over the bulk of the light spectrum, from ir to

uv, with proper selection of angles in the nonlinear media. Compare this with the need to find a

gain material with a proper energy structure to lase at a given wavelength, and the benefits of the

parametric process becomes obvious.

In addition to tunability, a parametric system can also have very wide gain bandwidths

(crucial for ultrahigh intensity and short pulse applications). This feature led to the suggestion73

that chirped pulses be amplified via parametric processes. This process is referred to as Optical

Parametric Chirped Pulse Amplification (OPCPA). The amplification and subsequent

compression of a pulse via OPCPA was performed in 199274. A thorough study of the potential of

OPCPA systems was performed75, an it was concluded that, with current technologies, powers in

excess of 10 PW and  intensities greater than 1023 W/cm2 are achievable.

There are several additional benefits that accrue from using OPCPA for amplification,

which suggest that OPCPA might be an excellent candidate for replacement of regenerative

amplifiers. First, the optical nonlinearities of some materials are high enough to allow gain on the

order of 104-105 in just a single pass of a few cm of material. This would eliminate the complicated

multiple-pass schemes to get large amounts of gain that necessitate regenerative amplifiers. The

need to construct a cavity and switch the laser light into and out of it would be eliminated,

removing considerable complexity in the system.

Second, in a cavity each time the pulse passes the switch-out point, a small (~1%) amount

of light leaks out of the regenerative amplifier. This results in a train of pulses at the exit of the

amplifier spaced typically several nanoseconds apart. As these pre-pulses propagate through the

laser chain, they can be amplified by subsequent stages just as the main pulse is. For experiments

where this beam will strike a target, these prepulses can have a significant impact on that target,

by ablating or pre-ionizing it before the arrival of the main pulse, significantly affecting the

physics of the main pulse interaction. The common solution to this problem is to use

combinations of Pockels cells and waveplates to act as pulse slicers and improve the contrast
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between the main pulse and the prepulse. In an OPCPA system, however, the only pulse that

sees any amplification is the pulse coincident with the pump beam; the rest of the pulse-train is

not amplified. The prepulse contrast then matches the gain in the OPCPA stage. Since gain is

easily on the order of 105,  this is already a three-order-of-magnitude improvement over the

regenerative amplifier contrast. Furthermore, a scheme has been proposed76 which could have

essentially infinite prepulse contrast, known as cascaded optical parametric amplification

(COPA). In this scheme, after the first stage of amplification, the signal beam is dumped and the

idler is instead kept, which of course has only one pulse; the one corresponding to the arrival of

the 532-nm light. This idler beam can then be remixed with the pump light in a second stage, and

reconverted to the signal wavelength, only now with no pre- or post- pulses.

Of course, everything comes at a price, and the costs of the benefits of OPCPA over a

regenerative amplifier manifest themselves as considerably more stringent pump beam

requirements. Since light transfers directly into the seed beam from the pump in this system, with

no “energy storage” mechanism, energy transfer is realized only when the two beams overlap in

space and time. Conventional pulse stretchers generally produce stretched pulses of duration ~1

ns or so. Commercial Q-switched pump lasers produce pulses on the scale 8-10 ns. This mismatch

in pulse length means most of the pump energy is wasted, never seeing the seed light, giving

efficiencies on the order of 1-2%. This means that in order to get reasonable efficiencies out, a

custom pump laser must be built to match the temporal profile of the stretched pulse. Efficiencies

of up to 30% have been demonstrated77 this way, however the need to build and operate a custom

pump laser defeats the “simplicity” arguments for replacing the regenerative amplifier with an

OPCPA stage.

There is, however, an alternative to the custom-pump-laser scenario. Once a commercial

pump laser signal has been used in an OPCPA stage to amplify a signal beam, all the unused

pump light (less surface reflections) is still available. This is in contrast to a laser amplifier where

the pump light is absorbed by the gain medium, and if unused is lost to heating of the medium.

This leftover pump light can be used to pump a laser amplifier, and traditional laser action can be

used to further amplify the signal pulse. This unused light will have an unusual temporal

structure, having been (hopefully) largely depleted for the duration of the signal pulse, but this
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won’t matter for pumping long-lifetime gain media, which simply integrates the energy. In

essence, the canonical “regen+multipass amplifier” scheme becomes an “OPCPA+multipass”,

gaining the benefits of simplicity of set-up, high contrast prepulses, and no need for electroopics

to do any pulse switching, without sacrificing efficiency. This scheme has been dubbed “Hybrid

Chirped-Pulse Amplification”, or HCPA78.

The temporal demands of OPCPA on the pump laser also require the pump-laser beam

be seeded to stabilize the pulse’s temporal profile and eliminated beatings of the longitudinal

modes of the cavity. Without seeding, the pump amplitude’s temporal profile with be different

with each shot, leading to large jitter in the amplified OPCPA energy. Also, because the energy is

directly transferred from the pump beam to the signal beam, the pump beam profile is critical.

Common tricks for homogenizing the pump beam profile in a gain medium such as splitting and

inverting part of the beam, aren’t feasible here. Furthermore, because a nonlinear process is

involved, the pump profile variations will be transferred to the signal beam in an exaggerated

form, with the variation depth amplified. Therefore it is imperative to have a very high quality

pump beam.

2.2.2 Experimental System

The goal of this work was to demonstrate a terawatt-class HCPA laser system, including

compression to the Fourier-transform limit of the pulse. More specifically, I wanted to compare

the spectral phase introduced by the OPCPA amplifier setup to that of the regenerative amplifier,

in the case of non-collinear, non-degenerate amplification. This is a study that hasn’t been

performed, and is crucial for demonstrating the viability of OPCPA systems to produce

ultrashort pulses: if the OPCPA stage were to introduce unusual spectral phase effect that could

not be compensated for, short pulses would be unproducable. To do this, a comparison of pulses

from a regenerative amplifier and an OPCPA amplifier, both going through the same multipass

amplifier, was performed. The ultimate goal here is to determine the feasibility of using the

HCPA system to replace the regenerative amplifier and a-4-pass of the FALCON laser altogether.

The setup used is shown in Figure 21. The same oscillator, pulse stretcher, and

regenerative amplifier discussed in Sections 2.1.1 and 2.1.2 were used. After the pulse slicer at the
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regenerative amplifier exit, a flip-mirror was used to divert the light from the main FALCON

beamline to the experimental OPCPA setup. This beam is down-collimated with a reducing

telescope to give a beam that is 2.5 mm FWHM. This beam is then sent through a waveplate and

off a pair of polarizing beamsplitters to allow for adjustment of the seed energy going into the

OPCPA stage.

35 mm of b-barium-borate (BBO) material is needed to give enough gain length to get a ~1 nJ

seed pulse to an energy of ~1 mJ. In order to maximize the overlap between the pump and signal

beams over the length of the material, two crystals are used: one is 10 x 10 x 20 mm, the other is

10 x 10 x 15 mm. This allows the two lengths to be aligned independently for maximum gain. The

FemtoSource Compact
30s Oscillator

Millennia V Pump Laser

PLS

Polarizer

Regen

Stretcher

Ti:Sapphire

Pockels Cell

Beam Splitter

Lens

Isolator

KEY

BBO

To
Compressor To FALCON

Figure 21 Layout of the hybrid chirped-pulse amplification system. Note that it uses the
same front-end components as the FALCON laser system (Figure 14).
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system will be pumped by the supergaussian beam of the SpectraPhysics GCR PRO-350 laser

mentioned in Section 2.1.2. Because the quality of the pump beam profile is imaged directly onto

the amplified beam, it is important to have a uniform pump profile; therefore, the supergaussian

beam must be relay imaged to the BBO crystals. There are then two choices: relay the beam to the

center of the first crystal, then relay it again to the center of the second, or relay to the midpoint

between the crystals. In the interest of simplicity, the latter option was chosen, which then

requires the two BBO crystals be placed as close together at possible, while still allowing

independent alignment. A particularly compact scheme, shown in Figure 22, was designed using

a custom plate to hold the optics as close together as possible by eliminating the need for

tablespace to clamp them down. This also allows the size of the rotation stages under the BBO

crystals to not dictate the spacing of the mirrors by creating a bi-level optical bench.

Shown in Figure 22 are the two BBO crystals, both of which are cut at 23.8° to allow

phase matching of the 532 nm, 810 nm, and 1550 nm light waves in a Type I geometry (i.e. the 810

Figure 22 The layout of the OPCPA amplifier table. This setup allows the crystals to be
brought close enough together to avoid having to relay the green pump light
between the two crystals.
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and 532 nm light have the same polarization, which gives the maximal spectral bandwidth). The

pump and signal beam will interact with an external angle of 3.73° to give broad gain bandwidth

centered around 850 nm. The green pump light is down-collimated to be 3 mm x 2.5 mm in the

two crystals, and is shown in Figure 23. The smaller size in the vertical dimension is due to

inefficient frequency doubling in the vertical direction in the pump laser. The green pump energy

is 280 mJ, giving a pump intensity of ~680 MW/cm2. It passes through two dichroic beamsplitters

on either side of the first crystal before being turned with a right angle prism. It then passes

through a third dichroic beamsplitter before the second crystal and is then bent once more by a

right angle prism.

The temporal profile of the pump laser pulse is illustrated in Figure 24. Because of the

unstable resonator configuration of the pump laser, there is a radially dependant variation of the

 3 mm
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Figure 23 The pump beam profile in the OPCPA stage. The profiles are averages over the
10-pixel region about the centroid indicated by the boxes on the  profile.
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buildup time. The temporal profile of the pump pulse was measured as a function of position

across the beam and the resultant data is shown in Figure 24a. The delay and amplitude of the

pump pulse are plotted in Figure 24c. The pulse peak in the center of the pulse arrives almost 4 ns

ahead of the peak in the edges. The net effect of this pulse shape is that the pump beam size in

the time slice where the signal pulse is present is significantly smaller than the time-integrated

profile shown in Figure 23, which then means the Poynting vector and non-collinear walk-off will

cause the two beams to stop mixing sooner than would otherwise be expected from the measured

beam size. The pulse length at the center of the pump beam, shown in Figure 24b, is 7.4 ns.

The seed beam reflects off the two dichroic mirrors to pass through the first crystal, then

off the third to pass through the second crystal. The 3.73° noncollinear angle is chosen to be in the

vertical plane in the first crystal so the walk-off between the pump, seed, and idler beams due to

the noncollinear angle doesn’t add with the Poynting vector walk-off of the pump, but is instead

in the perpendicular direction. In the second crystal, the non-collinear angle is in the horizontal

plane for convenience in separating the pump beam (which reflects off a right angle prism) and

the signal beam (which passes beside the prism). In the first crystal, the seed beam FWHM is 0.83

x 0.88 mm (Figure 25). This small size gets the intensity of the seed beam up, increasing the

conversion efficiency, and helps keep the seed beam within the envelope of the pump beam for
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the whole length of the longer crystal. In the second crystal, however, a larger beam size of 1.48 x

1.53 mm is used. This larger size is needed to minimize the effects of local pump depletion that

would result if all the energy were extracted from a small area of the pump profile. Because the

second crystal is shorter, the walk-off over the length of the crystal isn’t as significant an effect.

To get these two different beam sizes in the two crystals, an expanding beam is used to seed the

OPCPA. A 289 mm focal length lens focuses the seed beam before the first crystal, so that in the

beam is a reasonable size at each of the two crystals. The beam is then collimated by a 451 mm

focal length lens, giving a final beam size of 2.03 x 2.04 mm FWHM for the seed beam at the

OPCPA exit.

Following the OPCPA stage, both the remaining pump light and the amplified signal

beam are sent to a 4-pass Ti:Sapphire amplification stage. The pump light, after being picked off

with the right-angle prism, is split into two equal-energy beams, and relay imaged to the

Ti:Sapphire crystal from either side as shown in Figure 21. Splitting the beam both makes its

transport to the crystal easier, in terms of avoiding damage fluences on mirrors away from relay

planes, and allows for more uniform pumping as any asymmetries in the pump beam profile are

smoothed over by the inversion of the profile along the horizontal axis due to the opposing

propagation directions. The pump energy arriving at the rod sums to 168 mJ after losses in both
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Figure 25 Profiles of the OPCPA seed light (regenerative amplifier  output) at the first and
second BBO crystals, and column- and row- sums of the profiles. The FWHM of
the beam in the first and second crystal is 0.86 mm and 1.51 mm respectively.
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the OPCPA stage and transport . The pump energy measured leaving the crystal is 18.8 mJ,

leaving a total absorption of 89.2%. The pump beam profile at the Ti:Sapphire rod is shown in

Figure 26, and has a diameter of 3.4 x 2.7 mm FWHM. The seed beam profile at the Ti:Sapphire

crystal depends on the OPCPA or regenerative amplifier stage, and will be discussed in Section

2.2.3.

Following the 4-pass amplifier, the beam is sent to a pulse compressor for recompression

to the frequency bandwidth limit. This is compressor uses a single 1480 line pair/mm grating and

two roof mirrors to simulate the traditional four grating strikes; the general geometry is the same

as shown in Figure 19b for the FALCON compressor. The angle was set based on a model of the

spectral phase through the whole system. The stretcher grating and incidence angle are dictated

by the needs of the FALCON laser system, and were not adjustable to optimize the pulse

compression for the HCPA system. Given the stretcher geometry and the amount of material in

the system, and starting with an assumption of 20 fs bandwidth in the pulse, with the

regenerative amplifier operating in its standard 9-round-trip mode, the best compressed pulse

achievable would be 52.1 fs. This is limited by fourth and fifth order phase errors that result from

the amount of material in the laser system. If the number of trips in the regenerative amplifier is

taken to be a variable, the model suggests using 40 round trips would allow compression down

to 23.5 fs. The compressor was set up at the correct angle for this shorter compression, with an

angle of incidence of 58.05°. To choose the right number of round trips, GRENOUILLE retrievals

of the compressed pulse phase were made as a function of number of round trips in the

Figure 26 Profiles of the two pump beams impinging upon the HCPA Ti:Sapphire crystal.
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regenerative amplifier, adjusting the grating separation each time to minimize the pulse length.

The results, shown in Figure 27, show that the optimal number of regenerative round trips with

this compressor alignment. The downside of adding trips to the regenerative amplifier is that the

output energy is significantly lower. With 9 round trips, the amplifier produces ~7 mJ. With 31

round trips, however, only ~800 µJ are produced. With the regenerative amplifier running with

it’s optimal number of round trips, the compressed pulse length is 80 fs, with a significant cubic

phase.

2.2.3 Phase Comparison with a Standard Regenerative Amplifier

The first step in comparing the regenerative amplifier and OPCPA based systems is the

measurement of the regenerative amplifier performance. The BBO crystals in the OPCPA stage

are rotated away from the phase-matching axis so the regenerative amplifier beam and the pump

beam can pass through them without mixing. This allows the to systems being compared to be as

equivalent to each other as possible in terms of path length and material. Because the

regenerative amplifier output is so low at the 31 round-trip setting, the beam size is reduced by a

factor of two with a down-collimating telescope before going into the 4-pass amplifier. This will
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ensure all the regenerative amplifier light sees large gain in the Ti:Sapphire crystal. Figure 28

shows the unamplified and amplified beam profiles after each pass through the crystal. The input

energy is 350 µJ in a 1.5 x 1.3 mm FWHM spot, and the energy after each pass is 1.3 mJ, 3.7 mJ,

9.5, mJ, and 18 mJ, respectively. The exit beam diameter is 2.5 x 1.7 mm FWHM. Because the seed

light is so low in energy, the regenerative amplifier was returned to 9 round trips so the 4-pass

could be seeded with 1 mJ of light. The output energy with both 1 mJ and 1.5 mJ input energy is

55 mJ, and the output energy drops as the seed drops below 1 mJ. This implies that the 4-pass

amplifier is saturating at 55 mJ, giving a conversion efficiency from the pump laser of 36%. This

low percentage is a result of the small seed profile relative to the pump profile that was used to

maximize the under-saturated gain in the 31 round trip case.

The amplified regenerative amplifier light was sent to the compressor and the grating

separation was adjusted to minimize the pulse length. Figure 29 shows the retrieved spectral and

temporal profiles for four samples, showing the stability of the spectral phase, as well as the

measured and retrieved GRENOUILLE traces of one of the samples. The measured pulse length

is 61.2 fs, with a bandwidth of 15.76 nm which corresponds to a minimum pulse length of 60.4 fs,

meaning the pulse is close to the transform limit.

After successful amplification and compression of the regenerative amplifier light, the

OPCPA stage was activated. The seed beam at the exit of the OPCPA stage is shown in Figure

30a. As the gain was turned up, an unexpected effect was observed, as shown in Figure 30b. The

first crystal, where the pump and seed beams are crossing in a vertical plane, amplifies light in a

First Pass Second Pass Thrird Pass Fourth Pass

Figure 28 Beam profiles after each pass through the four pass. The seed beam is diverging
going through the amplifier, but thermal lensing and gain guiding keep the
amplified pulse close to collimated.
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long, narrow strip in the horizontal direction. As the crystal is rotated in the horizontal plane, this

narrow strip moves up and down. Similarly, in the second crystal where the beams cross in the

horizontal plane, the light is amplified in a long, narrow strip in the vertical direction, and as the

crystal is rotated in the horizontal plane, this line moves left and right. It is possible that the

divergence angle of the beam, going from a diameter of 0.8 mm to a diameter of 1.5 mm between

the crystals exceeds the angular acceptance of the crystal, so the walk-off between the pump,

signal, and idler beams is too great to allow amplification outside that narrow strip. This means

that much of the seed light sees no gain, and a smaller seed pulse, with the full energy in the

region that produces gain in both crystals, would be better for the system. With full gain, we get

the profile shown in Figure 30c, where 2 nJ of seed energy has been amplified to 0.5 mJ, for a total

gain of 105.3, which is adequate for seeding the 4-pass stage.

The amplified beam from the OPCPA is considerably smaller than the seed signal was,

and is also diverging. This beam is collimated with a 790 mm focal length lens. The beam profile

going into the 4-pass amplifier is shown in Figure 30d, and Figure 30e shows the beam leaving

the 4-pass amplifier with a final energy of 25 mJ. This beam is then sent to the compressor and
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measured with the GRENOUILLE. The phase retrieval data is shown in Figure 31. The retrieved

pulse width was 70 fs, and the retrieved bandwidth was 13.23 nm, which can support pulses as

short as 71 fs. Again, this compressed pulse is near the transform limit.

a) b) c)

d) e)

Figure 30 Profiles of the OPCPA system. a) seed profile at the output. b) small amount of
gain, showing result of a phase-match error (see text). c) fully amplified OPCPA
beam. d) OPCPA beam at 4-pass rod. e) 4-pass output with OPCPA seed.

a)
b)

c)

Retrieved Trace

Measured Trace
-2.00E-01

0.00E+00

2.00E-01

4.00E-01

6.00E-01

8.00E-01

1.00E+00

1.20E+00

-150 -100 -50 0 50 100 150

Time (fs)

A
m

p
li

tu
d

e

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

P
h

a
se

-2.00E-01

0.00E+00

2.00E-01

4.00E-01

6.00E-01

8.00E-01

1.00E+00

1.20E+00

770 780 790 800 810 820 830 840 850

Wavelength (nm)

A
m

p
li
tu

d
e

-3

-2

-1

0

1

2

3

P
h

a
s
e

Figure 31 a) measured and retrieved GRENOUILLE traces of the amplified OPCPA
signal. b) retrieved temporal amplitude and phase. c) retrieved spectral
amplitude and phase



52

A direct comparison of the retrieved spectral phases of the OPCPA and regenerative

amplifier signals is shown in Figure 32. The retrieved data shown are the averages of the data

shown in Figure 29c and Figure 31c. The close similarity of the retrieved phases shows that no

unusual, or uncompensatible, spectral phase is introduced by the OPCPA process.
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Looking at Figure 33 shows that for both the regenerative amplifier and OPCPA light, the

final spectrum is considerably narrower than what went into the system, a result of gain

narrowing in the 4-pass crystal. Also, the total power was reduced, due partly to the large losses

in the pump laser passing through the OPCPA stage, the low pump absorption of the Ti:Sapphire

rod in the 4-pass, and the low seed energy. The fact that only 36% conversion efficiency in the

saturated amplifier  was observed indicates that the mode seeding the 4-pass might be less than

optimal.

The improvements that could be made on this system include: changing the divergence

angle of the seed beam in the OPCPA to reduce the effect observed in Figure 30b and improve the

OPCPA gain, adjusting the OPCPA alignment to maximize the output bandwidth, and

improving the mode-matching into the 4-pass amplifier. A potential upgrade would be to

increase the pump power in the 4-pass by sending some green light around the OPCPA stage (the

damage threshold of the dichroic mirrors limits the pump fluence) or by increasing the pump

size in the OPCPA crystals (increasing the energy while keeping the same fluence), and try to get

higher gain. However, the HCPA system has been demonstrated to perform as well as a

regenerative amplifier, while not requiring any electrooptical components, and using a much less

complex set-up.
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Chapter 3. Electron Sources

The second half of a Compton scattering source, complementing the laser of Chapter 2, is

the relativistic electron beam. Since the x-ray beam that is produced is strongly dependant on the

electron beam parameters, as emphasized in Section 1.2.2.3, it is imperative to have a high quality

electron beam. Simply looking in terms of the most relevant figure of merit for an x-ray source,

the brightness [in units of photons·s-1·mm-2·mrad-2·(0.1 % bandwidth)-1], demonstrates this.

Brightness increases with smaller spot size, so a tight focus is desired (the “mm-2” term).

However, because of the low Thomson scattering cross-section (sT = 6.65 x10-25 cm2), a high

charge is necessary within that small focal spot to get the scattered photon number up (the

“photon” term). It is also important to have a short x-ray pulse both to maximize the brightness

(the “s-1” term) and to make time-resolved measurements with the x-rays. Finally, the analysis in

Section 1.2.2.3 shows that the divergence of the electrons at the focus dominates the relative

bandwidth of the x-rays (the “(0.1% bandwidth)-1” term), as well as contributing to the

divergence of the source (the “mrad-2” term). This means then that low emittance is required. The

optimal means to produce such an electron bunch is with a device known as an rf photoinjector.

3.1 RF Photoinjectors

Compact, high-gradient (> 100 MeV/m) rf photoinjectors capable of producing

relativistic (> 5 MeV) electron beams with extremely low emittance (< 1 p-mm mrad), high charge

(1 nC), and subpicosecond duration, are currently being developed79-83 for a variety of

applications ranging from the Next Linear Collider (NLC) to compact, pre-bunched free-electron

masers84.

3.1.1 Some Beam Physics Basics

Before the benefits of photoinjectors are explained, some introductory beam physics is

required to understand the concept of emittance, which is the main indicator of the quality of an

electron beam. The linearized equation of motion for an electron in a beamline is85
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† 

¢ ¢ u s( ) + k s( )u s( ) = 0 (31)

where u(s) represents the particles displacement from the  from the ideal particle path in either

the x or the y direction, and s is distance along that ideal particle path. For a beamline with no

bends (i.e. a straight linear accelerator, which is what is of interest here), s is equivalent to z and u

is equivalent to x or y. The function k(s) represents the beam optics (dipole, quadrupoles, etc.)

along the beamline. Since what is of interest here is an understanding of the nature of an electron

beam focus, where the magnetic fields are zero, the details of k(s) are not important. A general

solution to (31) is

    

† 

u s( ) = e b s( ) cos y s( ) -y0[ ] (32)

subject to the two conditions on b and y  (found by substituting (32) into (31))

    

† 

1
2

b ¢ ¢ b - 1
2

¢ b 2( ) - b 2 ¢ y 2 + b 2k = 0

¢ b ¢ y + b ¢ ¢ y = 0
.

Defining two auxiliary functions

    

† 

a s( ) = -
1
2

¢ b s( )

g s( ) =
1+a s( )

2

b s( )

(33)

we can use (32) and its derivative to eliminate the phase function y (s), leaving a differential

equation in b that yields a  constant of the motion,

    

† 

gu2 + 2au ¢ u + b ¢ u 2 = e , (34)

known as the Courant–Snyder invariant. This equation describes an ellipse in u-u' space with

area pe. The particle under study travels down the beamline tracing this ellipse (according to the

value of y (s)), while the shape of the ellipse is evolving according to the values of a(s), b(s), and

g(s), which are commonly known as the “betatron functions”.

Although this specifically describes the motion of a single particle, classical mechanics

shows it is applicable to the beam as a whole as well. u'(s) can be related directly to the transverse

and longitudinal momentum of the particle via
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† 

¢ u s( ) ≡
du
ds

=

du
dt
ds
dt

=
pu

pz

, (35)

where pu is the particle’s transverse momentum and ps is the particle’s longitudinal momentum.

This is therefore an ellipse in phase space as well. Liouville’s theorem, which requires phase

space density remain constant under conservative forces, tells us that if an ellipse is chosen that

includes all the particles, it will always include all the particles. That ellipse can provide a metric

for the phase space of the beam as a whole. The value e for this ellipse is the beam “emittance”,

and gives a general indicator of the beam quality. Practically, the emittance is usually presented

in terms of an rms value, given by

    

† 

ex =
1
N

xi
2

i=1

N

Â ¢ x i
2

i=1

N

Â - xi ¢ x i
i=1

N

Â
Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

2

Figure 34 gives an illustration of this concept of phase space and constant emittance. We start

with a “collimated” beam, where the spread in transverse momentum is low and the size is large.

A quadrupole magnet then adds a position dependant momentum to the bunch: in the x

dimension, particles on the positive side get a negative momentum, and the particles on the

negative side get a positive momentum; in the y dimension, the opposite happens with particles

with a positive position getting positive momentum and negative position getting a negative
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Figure 34 A schematic example of the meaning of emittance. The upper and lower rows of
plots show the x and y phase spaces as a function of position along the sample
beamline shown in the middle. The area of the ellipses are the x and y emittance.
The area is constant until the beam is clipped (charge is removed).
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momentum. As this beam propagates, the momentum spread causes the size of the bunch in x to

shrink to a focus, then reexpand, while the y size simply expands. A second quadrupole undoes

the momentum kick of the first quadrupole. The area of the phase space ellipses shown in the

figures is the emittance in the x and y axes. Note that the area of the ellipse stays the same, until

the beam is clipped by the pinhole; if charge isn’t conserved, neither is emittance – this is one

way to improve beam quality, at the expense of charge. Generally, smaller emittance beams are

“better”, in the sense that they make smaller spots without as much divergence. The benefit of a

low emittance can be seen for a Thomson source, which requires both a small spot size and a low

divergence to maximize brightness.

Because of the relationship between u'(s) and momentum in (35), if an electron beam is

accelerated so ps increases while pu remains (ideally) the same, the emittance of the electron beam

actually shrinks because u'(s) shrinks. Therefore, it is common to define a normalized emittance

  

† 

enx = bgex

which is in general conserved even during acceleration. This normalized emittance is the general

figure of merit for the quality of a particle beam.

Returning to the betatron functions, their evolution depends on the magnetic field

parameters at that point in space. In a drift section, where there is no magnetic field, they evolve

as85

    

† 

b s( ) = b0 - 2a0s + g 0s 2

a s( ) = a0 - g 0s

g s( ) = g 0

(36)

where a0, b 0, and g0 are the respective values at the starting point s=0. By always taking the

maximum spatial extent of the beam phase-space ellipse, a beam envelope can be mapped out

with

  

† 

r s( ) = e b s( ) (37)

We are now ready to quantitatively discuss the focus of the beam. At the focal point,     

† 

s f ≡ 0 ,

    

† 

s ≡ r 0( ) = e b 0( ) fi b0 ≡ b 0( ) =
s 2

e
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where s is the rms beam size at the focus. Because the beam is at a focus, r(s) is, by definition, at a

minimum, and by extension b is as well. Therefore b '=db'/ds=0. Using (33) then, a0,=0 and

g0=1/b0. Plugging these three values into the first equation of (36) gives

    

† 

b s( ) = b0 +
s 2

b0

which shows how the beam envelope propagates near a focus. To define the length of the focal

region, in a parallel to the Rayleigh range of a laser, we choose to look at the distance in which

the beam area grows by a factor of 2, or the radius grows by a factor of 

† 

2 . So:

    

† 

r sl( ) = 2s

e b sl( ) = 2 e b0

b sl( ) = 2b0

b0 +
sl

2

b0

= 2b0

sl = b0

So the value of the betatron function at the focus gives a measure of the length of a focal region,

which can be used to help select the interaction focusing design.

In summary, for a Thomson interaction the three relevant beam propagation parameters

are the emittance, e, the focal spot size, s, and the value of the betatron function b(s) at the focal

point, b0, which will be referred to here simply as the “beta function”. These all directly parallel

laser parameters. The laser propagation equation from Chapter 2 is

    

† 

w z( ) = w0 1+
lM 2 z

pw0
2

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

2

(30)

While the electron beam propagation equation is

    

† 

r z( ) = s 0 1+
z

b0

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

2

.

So, we can make the equivalences:

    

† 

w0 ¤s 0 spot size

b0 ¤ zr focus range

e ¤
lM 2

p
beam quality



59

bearing in mind when looking at quoted numbers that laser beam values generally are quoted in

1/e2 radii and electron beams in rms values.

3.1.2 Thermionic Cathodes v. Photoinjectors

Traditionally, the electron source for linear accelerators has been a thermionic cathode.

This device operates by heating a cathode material (e. g. tungsten) to allow electrons to escape,

and applying a DC electric field to accelerate the freed electrons. Conversely, in an rf

photoinjector system, the photoelectric effect is used to liberate the electrons from the cathode,

and an rf field is used to accelerate them. The question is which source to use for a Thomson

scattering system; the answer turns out to be fairly straightforward: photoinjectors.

The first feature to examine is pulse length. One of the terms in the x-ray brightness is s-1,

i.e. the x-ray pulse length. The duration of the x-ray burst is directly correlated to the x-ray bunch

length in a head-on scattering geometry. Therefore, a minimal electron bunch length is required.

In a thermionic system, electrons are produced and accelerated for as long as the DC voltage is

applied, which can only be as short as a few ns (it is limited by the capacitance of the cathode and

grid). In a photoinjector, electrons are only produced for the duration of the uv laser pulse, which

can be as short as a few tens of fs. There are tricks that can be used to shorten the bunch length of

a thermionic beam, such as using buncher cavities or magnetic chicanes to compress the bunch

length, but both these systems have adverse effects on the electron transverse emittance and

energy spread, which is bad for a Thomson source, as discussed below.

The next important parameter is the beam emittance. As was discussed in section 1.2.2.2,

the emittance of the beam has a significant impact on the produced x-ray pulse. Emittance comes

into play in the photoinjector decision most directly due to space-charge considerations.

Naturally, a bunch of electrons sitting in vacuum is not going to want to stay in a bunch; the

electrostatic fields between the electrons causes a repulsive force, which then increases the

emittance by increasing the size and momentum spread of the bunch. This isn’t a problem with

relativistic beams for the parameter space relevant for this experiment because at relativistic

energies the electrons effectively have more mass, so the resultant acceleration from the force is

less (in the lab frame), or the electrons are much further apart and therefore the repulsive forces
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are much weaker (in a frame co-moving with the bunch; either viewpoint works). Therefore, to

keep emittance to a minimum, it is important to accelerate the bunch as quickly as possible to

relativistic energies. In a thermionic gun, the accelerating voltage is limited to less than 1 MV. In a

photoinjector, accelerating gradients of over 100 MV/m are achievable, allowing rapid

acceleration of the bunch before space-charge-induced emittance growth becomes significant.

Also, because of this large gradient, much higher peak currents can be generated, again a benefit

for Thomson scattering with the very low cross section.

The fact that the electron bunch in a photoinjector is coupled to the laser pulse allows for

tight synchronization between the injection of the electrons and the phase of the accelerating rf.

At 2.86 GHz (S-Band), 1° of rf phase is 0.97 ps. A laser pulse of this length is easy to achieve,

allowing all the electrons to see the same accelerating gradient. This minimizes the overall energy

spread of the beam, giving photoinjectors another benefit over thermionic beams. Unrelated to

beam quality considerations, the laser synchronization to the electrons during their production at

the front end of the linac allows easier synchronization of the laser and electron beam at the

scattering end of the accelerator (one of the most difficult parts of operating a Thomson source)

by using coupled laser systems for the photocathode and scattering light as discussed in Section

2.1.

Photoinjectors of course have some downsides; generally the total amount of charge

available is limited by the quantum efficiency of the cathode material, coupled with its laser

damage threshold. More significantly however is that a photoinjector requires a dedicated uv

laser system to generate the electrons, which makes it exceedingly more complicated than to

operate than a thermionic cathode. However, the performance required for a bright Thomson

scattering source dictates the choice of a photoinjector for electron beam production.

3.1.3 Theory of Operation

The concept behind the operation of an rf photoinjector is relatively straightforward.

Both the S-Band gun of Section 0 and the X-Band gun of Section 3.3 are based on having one full

cell, half an rf wavelength long, and one partial cell (approximately one quarter of an rf

wavelength). In the X-Band gun, it’s based on a 1.5 cell design from Brookhaven National
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Laboratory and UCLA86, scaled down to run with a higher rf frequency. For the S-Band gun, it’s a

revised version of the same design with a slightly larger first cell (a 1.6 cell gun)79. In either case,

however, the same general beam physics applies.

Figure 35 shows how the acceleration is accomplished. RF power is coupled into the gun

cavity in what is referred to as “p-mode”, where the phase of the rf fields in the two cells are

exactly 180° apart (as opposed to the “0-mode”, where the two cells run in the same phase). A

pulse of uv light, with an energy just exceeding the work function of the cathode material (copper

in both guns discussed here), strikes the cathode and frees electrons. These electrons see the

electric component of the rf field, as shown in Figure 35, and are accelerated. The timing of the

arrival of the uv pulse is set so that the electron bunch reaches the aperture between the two

cavities as the field drops to zero, and the sign of the fields is changing. This minimizes the effects

of field nonlinearities in the region of the aperture. Now the electron is in the second cell, and the

sign of the electric field has changed so this field can accelerate the electron further. More full

cells can be added in the same way to optimize the beam parameters for specific applications. For

our purposes, and since we already have an rf accelerator to boost the energy further, one full cell

is sufficient.

Figure 35 A diagram showing how an electron bunch is accelerated in a 1.5 cell standing
wave rf photoinjector. Three different times are shown. The dot is the electron
bunch, the lines represent the electric field in the gun, and the bottom row
shows the electric field strength as a function of axial position in the gun.
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3.2 The PLEIADES Linear Accelerator Facility

The electron beam that is used for these experiments is produced at the LLNL 100-MeV

linear accelerator87 (linac), which has been substantially upgraded to meet our emittance and

timing jitter requirements, as discussed in Section 3.2.2, with the installation of a new

photoinjector on the accelerator as an alternative to the preexisting thermionic injector.

Installation of a photoinjector required significant modifications to the existing linac beamline,

and the installation of a uv laser system to drive the photocathode.

3.2.1 The Photoinjector Laser System

The Photoinjector Laser System (PLS) was installed as close as practical to the linear

accelerator, in an area referred to as the “Outer Detector Cave” (see Figure 36). This area was

designed to hold detection equipment for nuclear physics experiments that were part of the

original uses of this accelerator system. This area was not temperature controlled (with swings of

several degrees during the day, and several tens of degrees over the course of the year) and very

dusty, both of which are unacceptable for laser operation. To correct this, a temperature

Interaction
Region

LINAC

Outer Det.
Cave
(PLS)

FALCON
(Above Ground)

Figure 36 The B194 accelerator facilities. This gives an idea of the overall scale of the
system, and the long lengths needed to transport the laser beam.
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controlled hutch was built to enclose the laser system, and HEPA filters added to help minimize

the air particulates. This structure has allowed successful operation of the PLS laser in the

adverse accelerator environment.

3.2.1.1 Amplification and Relay

Figure 37 shows the general layout of the PLS. The PLS is seeded through a 50-meter,

single-mode fiber with 30% of the light from the main oscillator pulse, as discussed in

Section2.1.1. Care must be used when propagating a broadband laser pulse through this much

material; this is addressed in Section 3.2.1.2. After coupling and transport losses, the seed light

has an average power of 7.3 mW, or 90 pJ per pulse, which is coupled into a linear regenerative

amplifier cavity. The Ti:Sapphire crystal in this amplifier is pumped with 50 mJ of 532-nm light

from a SpectraPhysics DCR-2 laser. The end mirror leakage of this amplifier is monitored with a

From Stretcher

Ti:Sapphire

Pockels Cell

Beam Splitter

Lens

Isolator

KEY

l/4 Waveplate

Compressor

DCR-2 Pump Laser
BBO 2

Waveplate

BBO 1

Iris

Cathode

Virtual
Cathode

~50 m

Regenerative
Amplifier

4-Pass
Amplifier

Compressor

Figure 37 Photograph of the Photoinjector Laser System (PLS), identifying the main
components, and the general layout of the PLS. Not all components are shown,
and the drawing is not to scale
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fast photodiode, which provides the trigger timing for the streak camera systems discussed in

Sections 3.2.1.2 and 4.2. This system produces 5.9 mJ ir pulses at 10 Hz. Following the

regenerative amplifier is a bow-tie configuration 4-pass power amplifier, similar to the two

discussed for the FALCON system in Section 2.1.2. The Ti:Sapphire crystal is pumped with the

280 mJ of laser light from the DCR-2 that is not sent to the regenerative amplifier, and amplifies

the cavity output up to the 90 mJ level. This 4-pass amplifier has a pointing and centering system

to align the light entering it, as discussed in Section 2.1.2 The measured M2 of the laser is 1.15 in

the x axis and 1.36 in the y axis, as shown in Figure 38.

The light from the 4-pass is then sent into the pulse compressor, which is discussed more

fully in the next section. Following compression, the pulse is frequency-doubled in a Type I BBO

crystal, then tripled in a second Type I BBO crystal to 269 nm. A waveplate is used between the

harmonic crystals that rotates the polarization of the second harmonic 90° while leaving the

fundamental in the same polarization to set up the sum-frequency mixing to get 3w light.
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 fit_sx: M^2=1.15
 fit_sy: M^2=1.36

Figure 38 M2 measurement of the PLS laser.
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Generally, about 1.2 mJ of uv light is available; however, to prevent damage to the cathode in the

photoinjector, the system is often turned down to provide only about 380 µJ of light at the tripler

output. This uv pulse is clipped with an aperture to a diameter of  2 mm to provide a hard-edged

uv spot, which improves the emittance of the photoinjector. The aperture plane is relay imaged

~50 m to the photoinjector cathode. A small quantity of the uv light is extracted from the beam

via an uncoated wedge, and the profile and energy are monitored continuously at the “virtual

cathode”, which is a plane the same distance from the final lens as the photoinjector cathode. An

image of the UV spot is shown in Figure 39

3.2.1.2 Compression

As mentioned in the previous section, propagating the laser pulse through 50 meters of

optical fiber poses a problem for the recompression of the laser pulse to its Fourier transform

limit. This comes from residual cubic phase from the fiber that is uncompensated in the

compressor. The spectral phase can be expanded in powers of w as

Figure 39 Profile of the PLS UV spot at the “virtual cathode”
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(38)

where the derivative terms correspond to what are often called the linear, quadratic, cubic, etc.

phase terms. For an ideal transform-limited pulse, the spectral phase should be flat; i.e., not a

function of frequency. This means all the terms beyond the first one in (38) should go to zero.  In

practice, making all the terms go to zero is nearly impossible, but with careful design of the

stretcher and compressor, it is generally possible to minimize the values of up to the quartic

phase.

A problem in trying to flatten the spectral phase occurs when the amount of material in

the system becomes too large. Following Kane88, the phase function of dispersive material is

given by

  

† 

f w( ) =
n w( )Lw

c

with L being the length of the material. Taking the ratio of the cubic phase to the magnitude of

the quadratic phase gives
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Similarly, for a standard grating pair compressor the phase is

    

† 

f w( ) =
w
c

G cosq d

with G being the perpendicular grating separation and qd being the diffraction angle (relative to

the grating normal). Again taking the ratio of cubic to quadratic phases, we get

    

† 

f
3( )

f
2( )

=
l

2pc
1+ sinq d sinq i

cos2 q d

È 

Î 
Í 

˘ 

˚ 
˙ (39)

For a fused silica fiber (note that waveguide dispersion effects are being neglected), we can use

the Sellmeir equation to calculate the dispersion89:
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† 

n l( ) = 1+
B1l

2

l2 - C1

+
B2l2

l2 - C2

+
B3l2

l2 - C3

    

† 

B1 = 6.961663 ⋅10-1 B2 = 4.076426 ⋅10-1 B3 = 8.974794 ⋅10-1

C1 = 4.67914826 ⋅10-3 C2 = 1.35120631 ⋅10-2 C3 = 9.79340025 ⋅101

l in mm( )

which gives a ratio of

  

† 

f
3( )

f
2( )

= 0.27187  fs

for 820 nm light. Note from the form of (39) that this term will always be positive. This means

that the compressor will not be able to compensate for the cubic phase of the material. To

properly compensate for both the quadratic and cubic phases, the ratio in (39) must be -0.27187 fs.

A solution to this is the use of a grism pair88. A “grism” is a transmission grating written

onto the face of a prism, as shown in Figure 40. The addition of a material with a non-unitary

index of refraction changes (39) to
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f
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f
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=
l

2pc

1+ np sinq d sinq i

cos2 q d

È 

Î 
Í 

˘ 

˚ 
˙ (40)

where np is the index of refraction of the prism material. Now, this term is no longer obligated to

be positive, and careful choice of diffraction angle will allow for cubic compensation of the fiber.

Specifically, if BK7 is used for the prism, and an incidence angle of 77.4° is used, (40) gives us

Figure 40 Layout of a single-grism pulse compressor. A roof mirror would typically be
used to change the beam height and return the beam along the same path to
recombine the different frequencies spatially.
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† 

f
3( )

f
2( )

= -0.27057  fs,

which almost exactly compensates for both the cubic and quadratic phase added by the fiber. To

exactly cancel the cubic phase, the grating separation will have to be 45.97 cm which, given our

laser bandwidth, will require a 4" short side on the grism, and an 18.3" grating length, which was

not available to us. Fortunately, in the end the need for this was avoided by electron beam

considerations.

Simulations of the electron beam in the photoinjector show that the best quality beams

(in terms of energy spread and emittance) occur when using laser pulses with pulse lengths of a

few ps to produce electrons from the photocathode. The lower limit is a result of the Coulomb

repulsion of the electrons, which are initially created at rest. As the laser pulse gets shorter, the

electron density increases until the repulsive forces start overwhelming the accelerating forces

and causes the beam to spread and emittance to grow. The upper limit is set by the frequency of

the accelerating rf. If the pulse is longer than a few degrees of rf phase, there is an increase in the

energy spread of the beam, as electrons see different accelerating gradients. As the pulse

continues to get longer, it eventually starts releasing electrons that aren’t accelerated at all,

wasting uv energy. Additionally, the electron, and therefore the x-ray, pulse duration is

determined largely by the uv pulse length, so that is also a consideration in selecting the pulse

length.
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Figure 41  Temporal profiles of compressed pulses sent through 50 m of fused silica fiber.
a) fully compressed (0 fs2 quadratic phase), showing the limiting effects of the
cubic phase (6·106 fs3). b) partially compressed to 7 ps (-3·105 fs2 quadratic phase)
with the same cubic error.
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To create this few-picosecond pulse, the PLS laser is not fully compressed to the

transform limit, leaving a slightly chirped pulse. Because the pulse is not being fully compressed,

the quadratic phase dominates the residual cubic phase from the fiber. Figure 41a shows a fully

compressed pulse, with the residual cubic error from the fiber. The cubic phase results in a train

of pulses. Figure 41b shows the same pulse, but compressed to only 7 ps. The cubic phase leads to

an asymmetry on the pulse shape, but that is a relatively insignificant effect for the purposes of

the electron beam.

The pulse is left at a pulse length of approximately 7 ps. A streak camera with 300 fs

resolution90 was used to measure the pulse duration as a function of grating separation. Figure

42a shows a streak camera image with 2D supergaussian fit contours. Figure 42b shows the

measured pulse width as a function of grating separation.

3.2.2 The Linear Accelerator

The rf photoinjector used to produce the electron beam for PLEIADES is based on a 1.6-

cell standing wave geometry91, as discussed in Section 3.1.3. A drawing and photograph of the

gun is shown in Figure 43. A pulse of S-band (2.8545 GHz) rf input with 7-MW peak power and

3-µs pulse length produces a peak standing wave electric field of  up to 100 MV/m that

accelerates the electrons to 5 MeV in a distance shorter than 10 cm. Recall that this S-band signal
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Figure 42 PLS pulse length measurement. a) streak camera image of uv pulse. b) uv pulse
width as a function of compressor grating separation The pulse widths at each
data point are determined using a 2D Gaussian fit (w_fit2D), a 1D Gaussian fit
to a lineout of the image (w_fit1D) and the width at half the average value of the
top of the lineout of the pulse (w_meas).
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is generated by frequency upconverting a 81.557 MHz signal drawn from the laser master

oscillator pulse train, monitored with a photodiode, and amplifying it to the 7MW level. Focusing

solenoids are employed in the photoinjector to preserve the transverse emittance92 of the electron

beam immediately off the cathode and to help match the electron beam into the accelerating

sections by compensating for the naturally diverging electron beam typical of photoinjectors86.

Currently, the gun is being operated with a more conservative accelerating gradient of 80 MV/m

to avoid any possible damage due to electrical arcing. This lower gradient also leads to lower

quantum efficiency on the photocathode due to the Schottky effect, where the presence of a

electric field at the surface of a material lowers the work function of that material.

The electron bunch charge is determined by the pulse parameters of the PLS laser and the

quantum efficiency of the photocathode.  The 266-nm laser pulse is imaged to a 1-2-mm spot on a

copper photocathode near the rf field peak, and electrons are produced (during current

operation) with a quantum efficiency of approximately 8x10-6 electrons/photon, which yields an

electron bunch charge between 250 – 350 pC. Because of the Schottky effect, the quantum

efficiency of the cathode is a function of the phase of the accelerating rf field when the uv pulse

arrives. The charge coming out of the photoinjector is continuously monitored by an integrating

current transformer and that measurement coupled with the continuous uv energy measurement

yields a shot-to-shot effective quantum efficiency. This QE is then used as a feedback variable for

an rf phase shifter. By shifting the rf phase to keep the QE of the gun constant, long term phase

drifts in the rf amplifier chain can be corrected, maintaining optimal electron beam production.

Figure 43 A drawing and photograph of the PLEIADES S-Band rf photoinjector
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The electron bunch length is a function of the laser pulse duration, bunch charge, and

accelerating voltage, and is typically a few picoseconds long. Because the PLS, which is directly

responsible for initiating the electron bunch, and FALCON are seeded by the same oscillator, the

timing of the electron beam is synchronized to the laser pulse that is to be scattered.

The beam generated by the photoinjector is coupled into the pre-existing 100-MeV linear

accelerator, where it is accelerated to energies ranging between 40 and 90 MeV in four of the five

truncated SLAC-type traveling wave accelerating sections in the system, each capable of

producing up to 30 MV of acceleration. Only four of the five sections are used because of the

need to maintain the high-current thermionic beam capability of the linac system. Coupling of the

photoinjector to the linac was done by moving the preexisting thermionic injector and one of the

linac sections a few meters further upstream, and installing a set of dipole magnets to bend the

thermionic beam around the photoinjector, as shown in Figure 45. One accelerator section is

needed to get the energy of the beam high enough (make the beam “stiff” enough) that emittance

growth isn’t a problem (either from space charge effects or from the dipole magnets)

Figure 44  Photograph of the B194 linear accelerator system.
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After passing through the interaction area, the electron beam is deflected by a 30°-bend

dipole magnet. This dipole serves as a spectrometer, yielding a measurement of the electron

energy and energy spread, and also separates the e-beam from the scattered x-rays, which

propagate in the same direction as the electrons. Following the dipole, the electron beam is

absorbed in a Cu electron dump that is calibrated and provides a measure of the electron bunch

charge. The electron dump is housed in a 10-cm-thick lead enclosure to minimize the effect of

bremsstrahlung on the diagnostics.

3.3 A Higher-Frequency Gun

In this section, a new higher-frequency gun is tested as a potential replacement for the S-

Band gun used on PLEIADES. A detailed theoretical and computational study of the scaling of rf

injector beam performance with frequency has been performed93, with the conclusion that X-band

represents an optimum balance between beam quality and accelerated charge and should reach

very high brightness. Going to higher frequencies offers some advantages. For example, the

emittance of the beam has been shown93 to scale with the rf wavelength, so higher frequency

means lower emittance, and therefore better x-rays. Also, experimental efforts have shown94 that

the accelerating gradient a photoinjector structure can support scales with frequency as

    

† 

E = 220 f GHz( )[ ]
1

3  MV/m

meaning more acceleration can be done more quickly, further improving the emittance of the

beam.

We have developed an X-band (8.547 GHz) rf gun, based on the 1-1/2 cell, S-band

Brookhaven National Laboratory (BNL) design95. The details of the design of the gun are

discussed elsewhere96,97. Basically, the BNL design was scaled down by a factor of three, in

Photoinjection
Gun

Thermionic
Gun

Accelerator Section

To Accelerator

Figure 45 The switchyard installed on the Linac to allow both thermionic and
photoinjector guns.
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proportion to the wavelength of the X-Band klystron that was available. A preliminary version of

the gun (Gun 0) was initially tested in 1997 but had several mechanical problems. However, some

useful results were obtained which allowed the construction of an improved Gun I. Here, the

results of commissioning that gun are presented.

3.3.1 Laser System

The laser system used to illuminate the photocathode is a commercial chirped-pulse

amplification (CPA) system, consisting of an oscillator, a grating stretcher, a regenerative

amplifier, a grating compressor, and a frequency tripler. The system is based entirely on diode

pumped solid-state laser (DPSSL) technology, which provides the stability needed to illuminate

the photocathode reliably. The oscillator is a Ti:Sapphire (Ti:Al2O3)-based FemtoSource PRO

commercial system from Femtolasers Produktions GmbH, capable of producing pulses as short

as 10 fs via Kerr-lens mode-locking98. These pulses are produced using the technique of mirror-

dispersion-control99, where the dispersion introduced by the thin Ti:Al2O3 crystal is compensated

for in the dielectric coating on the mirrors. The layout of this system is shown in Figure 46. This

oscillator is pumped by a 5W CW, 532 nm beam produced by the intracavity frequency-doubled,

diode-pumped, Nd:YVO4 Millennia V Laser from Spectra-Physics. Since 10 fs pulses are not

needed for this application, are difficult to create and maintain, and will be unavoidably

lengthened in the amplifier used, the oscillator is operated without the final compensation optics,

Pump Laser

PD

OC
BS

PS

TS

L

CP

Figure 46  The Ti:Al2O3 laser oscillator layout. All components are mirrors unless labeled:
PS-periscope, L-focusing lens, OC-output coupler, CP-compensating plate, BS-
beam splitter, PD-photodiode, TS-translation stage. The solid line is the 800 nm
oscillator beam, the dashed line is the 532 nm pump beam.
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yielding a slightly chirped pulse that is 15 fs in duration. The pulse duration is measured with an

interferometric autocorrelator where the pulse is interfered with a time-delayed copy of itself in a

nonlinear optical medium. As the time delay is changed, an interference pattern is produced

corresponding to the pulses second harmonic autocorrelation (Figure 47a), and the number of

fringes in this pattern, coupled with the wavelength of the light, can be used to determine the

temporal pulse width. This pulse has a bandwidth of > 70 nm centered around 800 nm (Figure

47b).

The oscillator was assembled with the output coupler mounted on a translation stage;

using this set-up, the repetition rate of the oscillator can easily be adjusted between 79.120 MHz

and 79.155 MHz without interfering with the Kerr-lens mode-locking process. This system

doesn’t have the feedback loop described in Section 2.1.1 to keep the frequency locked to a master

clock, and so was able to drift over the course of a day. In order to properly synchronize the laser

with the rf in the gun, the oscillator cavity length was adjusted to produce a repetition rate of

Figure 47 a) autocorrelation trace, b) spectrum, and c) output pulse-train as measured on
photodiode of the Ti:Al2O3 oscillator (5 ns/div)
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79.138 MHz (the 108th subharmonic of the optimal gun operating frequency of 8.457 GHz). The

resulting oscillator output pulse train is shown in Figure 47c.

The output of the oscillator is then coupled into a sub-50 fs, 1 kHz Spitfire system from

Positive Light, which includes a grating stretcher, a Ti:Al2O3 regenerative amplifier, and a grating

compressor. The regenerative amplifier crystal is pumped by a 7 W-average power, 1 kHz, Q-

switched, diode-pumped Nd:YLF Evolution Laser from Positive Light. This system, as

configured, selects a pulse from the 79.138 MHz pulse train and amplifies it to an energy of 0.4

mJ, with a duration of 60 fs and an overall repetition rate of 1 kHz. The output pulse is longer

than the input pulse because the spectrally dispersed input beam in the stretcher is wider than

the retroreflecting mirror in the system and therefore the bandwidth is clipped down to 25 nm,

resulting in a larger minimum pulse length. Figure 48 shows the output spectrum of the Spitfire,

the corresponding autocorrelation trace as measured with the single-shot autocorrelator also

produced by Positive Light, and the output pulse as measured with a photodiode. The second

small pulse corresponds to a portion of the first pulse that was not completely switched out of the

Figure 48 a) autocorrelation trace, b) spectrum, and c) temporal profile as measured on
photodiode of one pulse as it exits the regenerative amplifier system (10
ns/div).
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regenerative cavity after amplification and made an extra trip through the cavity; this pulse does

not interfere with the operation of the photoinjector, as it is frequency tripled with very low

efficiency.

The amplified pulse is directed into a frequency tripler produced by Spectra-Physics.

This specific tripler design uses two b-Barium Borate (BBO) crystals for second- and third-

harmonic generation. This converts the incoming ir beam to 266 nm, which corresponds to the

work function of copper at low fields. To compensate for the walk-off between the ir and the blue

in the first crystal, a strongly birefringent crystal is used, which synchronizes the two beams

temporally before injection in the tripling crystal. Using this system, uv pulses with 6 µJ of energy

are routinely produced. Due to fluctuations in the duration of the output pulse of the Spitfire, the

intensity of the uv pulse varied between 5 and 7 µJ on a time scale of a few seconds. These

fluctuations seem to be related to instabilities, e.g. from air currents, in the compressor section of

the Spitfire.

The uv beam is then injected onto the photocathode at 3 degrees from normal incidence

using a custom-made high-vacuum “Y” piece attached to the output face of the gun (see Figure

53). The straight arm of the “Y” is the photoelectron beamline The 3-degree arm is sealed with a

Suprasil window, which has good transmission at 266 nm. In order to align the laser down the

beam pipe properly, a lamp was placed against the beamline to illuminate the copper

photocathode, which diffusely reflected some of the light down the "Y". Two apertures were then

placed such that the cathode could clearly be seen through both of them, and the laser was

subsequently passed through the apertures.

3.3.2 RF System and e- beamline

The master source of the rf signal for the X-Band photoinjector is, as was true for the S-

Band photoinjector, the pulse train from the uv drive laser; the jitter performance of this scheme

is discussed in Sections 3.3.3 and 3.3.4.6. A photodiode monitoring the 79.138 MHz oscillator

pulse train sends this signal, after moderate filtering to make the signal more sinusoidal than

shown in Figure 47c, to a phase-locked dielectric resonant oscillator (PDRO), which scale the

frequency up by a factor of 108, producing a 8.547 GHz signal. The PDRO has an input frequency
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range of ±50 MHz, yielding the frequency tuning required for proper conditioning of the high-

power rf gun. This 8.5 GHz signal is then sent to a 1 kW traveling wave tube amplifier (TWTA),

followed by a Stanford Linear Accelerator Center (SLAC) SL-3 Klystron100 capable of producing

up to 19 MW of rf power in 1-2 µs square pulses, at up to a 50 Hz repetition rate. The power is

measured by using a precision thermistor head for the average power, and a fast (< 600 ps rise-

time) rf diode for determination of the pulse duration. For the present experiments, the klystron

runs at 20 Hz with a 250 ns rf pulse, to allow for higher gradients in the gun without rf

breakdown problems.

The heart of the rf system is a high-Q (4,274 measured) X-Band rf gun, shown in Figure

49. The 1-1/2 cell design yields good rf and electron beam characteristics, as summarized in Table

IV; however, the p-mode magnetic coupling scheme employed in this design is quite sensitive to

mechanical tolerances. In particular, achieving critical coupling in the structure requires a very

Table IV — 1.5 cell theoretical beam parameters

Beam Energy 5.7 MeV
Coupled RF Power 16 MW
Bunch Charge 0.1 nC
Normalized Emittance 0.7 p-mm mrad
Energy Spread 0.25%
Bunch Duration 0.9 ps FWHM Gaussian
Laser Spot Size 0.67 mm FWHM Gaussian
Optimal Injection Phase 65°

Figure 49  a) Photograph of the x-band rf gun, showing the tuning and monitoring
features, b) CAD model of the gun
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high degree of precision in the design and fabrication of the coupling holes between the WR-90

waveguide, which carries the rf power to the gun, and the half and full cells; in practice, the small

mechanical shifts induced by the brazing process require a post-brazing tuning mechanism to

compensate for these effects. In the present case, a custom tuning post piece was fabricated by

SLAC to ensure that the peak of the gun resonance is properly correlated with the maximum of

the SL-3 rf power tuning curve. This tuning of the rf gun coupling is supplemented by two

independent tuners for the half and full cells, and the overall resonant frequency of the system

can be temperature-tuned once balanced, p-mode critical coupling is achieved.

The main steps of the gun tuning procedure are as follows: first, using a network

analyzer, the full cell is tuned slightly above the desired operation frequency; second, we merge

the half-cell resonance for balanced p-mode operation; finally, the operation frequency is reached

by heating the structure. The reflection from the X-band gun, after the tuning procedure

described above, is shown in Figure 50a. In this case, the resonant frequency is ƒ = 8.547 GHz, the

reflected wave is -74.266 dB below the input signal, and the -3 dB bandwidth of the resonance is 4

MHz, which corresponds to a Q-value of 4,274.  The gun temperature-tuning curve is shown in

Figure 50b, and is found to be in agreement with the theoretical prediction based on a cylindrical

pillbox model of the gun101. The TM010 resonant frequency is given by     

† 

f010 = c
2p

¢ c 01

a
 where a is the

cavity radius and c'01  is the first root of the zeroth-order Bessel function; using the linear

Figure 50 a) Gun power reflection as a function of frequency. The horizontal axis runs
from 8.547 GHz to 8.548 GHz with each division being 100 kHz, and the vertical
axis runs from 0 to -100 dB with each division being 10 dB. b) Gun resonance
frequency as a function of temperature. The line is the theoretical prediction (Eq.
41) and the points are measured values.
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coefficient of thermal expansion for Copper, a=1.6 x 10-6 °C-1, the slope of the frequency shift can

be calculated to be -136 kHz/°C as follows:

    

† 

Df =
df
da

da
dT

DT = -af010DT . (41)

The corresponding linear shift is also shown in Figure 50b.

The next experimental step involves repeating these measurements in situ, with the full rf

signal. Magnetic pickup loops are located within the half and full cells and are designed with

very low coupling parameters in order to avoid perturbing the rf fields in the accelerating

structure and causing rf breakdown. Their calibration procedure is straightforward: the gun is

tuned to obtain a hard resonance in either the half or the full cell and the power coupled into the

structure is obtained by measuring both the incident and reflected power. The crystal detectors

are calibrated at the same frequency with a CW rf source, a frequency counter, and a power

meter using a precision thermistor head. The half-cell monitor coupling parameter is thus found
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to be -57.4 dB, while the full cell monitor couples -46.9 dB of the incident power. The power

coupled in the half and full cell are shown in Figure 51 as functions of the frequency and

normalized to the input power. The difference in power between the half and full cell

corresponds to a 3% variation in terms of the rf fields, and shows balanced excitation of the gun.

At this point, the most critical remaining step is to verify that the mode excited in the gun

is the proper accelerating p-mode. The experimental set-up is shown in Figure 52a. First, an

absolute calibration of the X-band interferometer is performed by splitting the incident power

from the PDRO with a tee (Figure 52b): the power on each arm is first balanced with a precision

attenuator, and the mixer response is measured as a function of the phase shifter settings, as

shown in Figure 52c. The frequency chosen for the calibration corresponds to the frequency at

which critical coupling is achieved. We then set the interferometer at the phase giving the

maximum positive output signal (210°, in this case), and replace the tee with the gun probe

outputs. Note that the orientation of the loops is carefully controlled for these phase

measurements; in addition, both probes have exactly the same microwave path length. Again, the

interferometer power is balanced, and we observe a mixer output signal with maximum
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81

amplitude and negative polarity; this shows that the relative phase of the gun field monitors is

shifted by 180°, as compared to the reference signals provided by the tee in the calibration

described above. Thus, balanced p-mode excitation has been demonstrated; in addition, we have

varied the tuning of the half and full cells and the operation frequency around these parameters

and found that we could not excite the 0-mode, which indicates that p-mode coupling conditions

are quite robust, as designed. Two solenoids, aligned to yield antiparallel magnetic fields and a

null on the photocathode, are used to extract the beam from the gun, as was done with the S-

band gun in section 3.2.2.

The beamline used for the experiment is shown in Figure 53. Following the extraction

solenoids mentioned above is a pair of orthogonal dipole magnets that are used to steer the beam

and center it on the detectors. The beam passes through a gate valve which can be closed to allow

easy changes to the beamline to accommodate different measurements. For most of the

measurements, the gate valve was followed by a vacuum tee with a fluorescent screen which

could be moved in and out of the beam. Off to one side was a video camera to capture the

fluorescence from the screen. Different experimental setups were deployed following the tee: to

measure quantum efficiency, a 50 Ω-matched Faraday cup is used; for the beam energy and

energy spread measurements, a magnetic spectrometer is attached. A quartz window placed at

the end of the beamline allows the use of either a streak camera for beam duration and timing

jitter measurements or an rf detector system (as discussed in section 3.3.4.7) to study coherent
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synchrotron radiation. For the emittance measurement, another vacuum tee with a tantalum plate

with various sized holes and a 1 m beam pipe was placed between the gate valve and the

fluorescent screen, as discussed in section 3.3.4.4.

3.3.3 Timing

In order to produce a photoelectron beam reliably, it is essential to illuminate the

photocathode within a very narrow temporal window, extending about one degree off the

optimal rf phase. At the operating frequency of 8.547 GHz, this requirement translates to a timing
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accuracy of approximately 3 ps. The overall timing system used is shown in Figure 54. The gray

boxes represent laser components and the white boxes represent electrical components. This

system solves the three main problems of timing: 1) producing the photoelectrons at the proper rf

phases, 2) properly timing the laser and rf fields in the gun, and 3) measuring quantities

associated with a 20 Hz system that are synchronized to a 1 kHz event.

The 79.138 MHz pulse-train from the oscillator is sampled with a photodiode; this signal

is then fed into the PDRO, which raises the frequency by a factor of 108 yielding a 8.547 GHz

signal that is precisely locked in phase with the laser pulses. This signal then goes through a

variable attenuator to control the power in the gun, and a phase-shifter to adjust and optimize the

timing of the laser pulse and the rf phase. This signal is subsequently gated and amplified by

both the TWTA and the klystron before injection into the gun.

In order to ensure that the uv laser pulse arrives in the gun while the TWTA and klystron

are energized, a master clock is used. The 1 kHz timing signal originates from a Stanford

Research Systems Pulse and Delay Generator DG535 (an “SRS Box”) which is capable of

outputting two different, arbitrary pulses with a specified precision of 5 ps.  The SRS Box

(hereafter referred to as SRS Box #1) is free-running at 1 kHz. One of the two output pulses is

used to trigger the Q-switching of the regenerative amplifier pump laser. When Q-switching

occurs, a pulse is sent to a synchronization and delay generator (SDG). The SDG compares the 1

kHz Q-switch signal to the 79.138 MHz photodiode signal mentioned above. When the pump

laser fires, the next pulse from the photodiode triggers three output signals with user-defined

delays. Two of these signals are used to control the two Pockels cells in the regenerative

amplifier, and the third can be used to trigger an oscilloscope.

The second output pulse from SRS Box #1 is sent to SRS Box #2, which divides the 1 kHz

signal down to 20 Hz; the 20 Hz signal then controls SRS Box #3. The first pulse from the third

box triggers the thyratron controller, which fires the thyratron and thereby determines when the

klystron electron beam is on. The second pulse from SRS Box #3 triggers a pulse generator, which

is used to create the pulse that gates the TWTA and determines the timing and duration of the rf

signal in the klystron and rf gun. Therefore, by adjusting SRS Box #3, the rf signal can be



84

optimally synchronized relative to the klystron electron beam, and by adjusting SRS Box #1 the

laser can be properly timed relative to the rf in the gun.

In order to take measurements of the photoelectron beam, a trigger for the oscilloscope

that is synchronized to the laser is required; however, not all of the uv laser pulses (at 1 kHz) will

occur concurrently with accelerating fields in the gun (at 20 Hz). Therefore, a logic gate is used on

the oscilloscope to trigger only when there is both a laser pulse and a gate pulse to the TWTA.

This trigger signal is also output from the scope and used to fire the streak camera for

measurements. An additional SRS Box allows fine tuning of the timing of the streak image.

Once the timing of the system is properly set, the shot-to-shot timing jitter needs to be

studied. This involves both a measure of the jitter between events and the master clock, and the

relative jitter between two events that require simultaneity. There are two pairs of events for

which the amount of jitter is crucial: the arrival of the uv laser pulse and the timing of the rf pulse

Figure 55 Several overlain traces demonstrating the size of shot to shot laser arrival time
jitter. The upper trace is the full cell power measured by the monitoring probe,
and the lower trace is the signal from a photodiode measuring the laser. The
horizontal scale is 100 ns/div, and the vertical scale is in arbitrary units.
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in the gun, and the arrival of the uv laser pulse and the phase of the rf in the gun. The former is

easily studied by comparing the signals on an oscilloscope (see Figure 55). There is about 50 ns of

jitter in the arrival of the laser relative to the rf pulse. This is most likely a result of the random

selection of one of 4 pulses (spaced 12 ns apart) by the SDG in starting the timing cycle of the

regenerative amplifier. However, since the gun is filled with a fairly uniform rf power for

approximately 150 ns, that jitter is not very significant. The latter form of jitter (laser timing

versus rf phase), is more difficult to measure, and is discussed in Section 3.3.4.6.

3.3.4 Measured Properties

The photoelectron beam is optimized by examining Faraday cup measurements and the

image of the beam on a phosphor screen; adjustments can be performed by varying the laser

injection phase, the rf power energizing the gun, or the magnet focusing strength. A current of

25-50 A is used in the extraction solenoids mentioned above, which corresponds to a magnetic

field strength in the 1-2 kG range. Additionally, the amount of power in the gun chosen for

measurements is 1-2 MW, which was selected because, at this level, a high-quality electron beam

is produced, and dark current is minimal.

In measuring the various relevant quantities of the electron beam, a fairly large amount

of random fluctuation was noticed. It is believed that most of this was due to instabilities in the

intensity and pointing of the laser system. Additionally, the timing jitter between the rf phase and

laser injection was larger than the optimal 0.3 ps threshold, which also degraded the shot-to-shot

beam quality significantly. In gathering these data, with the exception of the charge and Schottky

values, single-shot measurements were performed to capture some of the cleaner events;

therefore these numbers represent an optimal beam which was not continuously generated.

3.3.4.1 Dark Current

Before discussing the photoelectron beam characteristics in detail, a few words

concerning dark current are in order. At power levels in excess of 100 kW, dark current was

detected with the Faraday cup. The dark current is a strong function of the electric field at the

photo-cathode surface, and (from the Fowler-Nordheim equation102) varies exponentially with
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the electric field at the photocathode.  The dependence of the field-emission current with the

applied field at the cathode appears very clearly in Figure 56: during the ramp-up of the rf power

in the gun, the exponentiation of dark current is evident; furthermore, the small rf power

fluctuations observed in the gun are translated into comparatively larger variations in the dark

current.

In practice, one must carefully rf- and vacuum-condition the photoinjector to help

minimize field emission, which produces a weak beam that can generates background x-rays via

Bremsstrahlung and erode various surfaces in the rf structure through direct electron

bombardment, as well as secondary electron emission and potential avalanche breakdown

initiated by the dark current. Furthermore, in more complex structures, the large number of

emitting surfaces subjected to high rf fields can result in the emission of different dark current

beams, which can severely limit the operation of the device and the detection and

characterization of the photoelectron beam. For the experiments described here, however, dark

Figure 56 Faraday cup measurements of dark current. The upper trace is the dark current
signal with a cathode gradient of 125 MeV/m, showing a current of ~70 µA, and
the lower trace is the power in the full cell of the gun. The horizontal scale is 100
ns/div and the vertical scale is 2 mV/div for the upper trace and 20 mV/div for
the lower.
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current proves to be a minimal problem when compared with breakdown at the aforementioned

matching post required to achieve critical coupling, which limited the power coupled into the

gun to approximately 3 MW with a 150 ns flat-top rf pulse; this corresponds to an average

accelerating gradient of 80 MeV/m, and a peak rf field at the cathode surface, E0 = 183 MV/m

Typical operation was achieved in the 1-2 MW range, corresponding to cathode fields of 106 to

150 MV/m, with output beam energies varying between 1.425 MeV and 2 MeV.

3.3.4.2 Quantum efficiency

The first measurements of the photoelectron beam were made using a Faraday cup

matched into 50 ohms. Taking the signal from the Faraday cup, the area under the signal voltage

curve and Ohm’s law can be used to determine the total charge in the beam. Figure 57 shows

both the uv laser pulse that creates the electron bunch and the Faraday cup signal used to

determine the charge. The fact that the laser appears to arrive after the electron beam is merely a

result of different signal cable lengths; in addition, it is noted that the photodiode signal does not

reflect the actual laser uv pulse duration, the diode response time is too slow. This particular

Figure 57 Faraday cup measurement of the photoelectron current. The upper trace is the
photoelectron signal from the faraday cup, and the lower trace is the laser signal
from a photodiode. The horizontal scale is 2 ns/div, and the vertical scale is 200
mV/div for the upper trace and the 500 mV/div for the lower.



88

measurement yields a total charge of 25 pC. Given the input energy of the uv laser as 6 µJ, this

yields a quantum efficiency for copper of 2 ¥ 10-5. The linearity of the bunch charge with the laser

energy was verified experimentally between 0 and 25 pC. The aforementioned shot-to-shot

variations occurring at 20 Hz can be partially eliminated by averaging over several shots; good

results were obtained by averaging for 5 s over 100 shots. Furthermore, given the high rf field at

the cathode and low laser energy used in the measurement, the beam current is not limited by

space charge.

The second measurement performed with the Faraday cup was a study of the phase

dependence of the charge. The rf phase relative to the laser was varied over 360 degrees, which

has two consequences; first, it affects the energy of the beam because it influences the timing of

the acceleration of the charge; this means that, for most injection phases, there will be no beam

because either the fields do not accelerate the electron bunch, or accelerate it back into the

photocathode. This effect alone results in the form of the data presented in Figure 58. The

supergaussian fit to the data is not chosen to calculate any beam parameters, and instead merely
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Figure 58 Measured bunch charge versus rf phase when the laser is injected, showing the

Schottky effect. The dots are the actual data, and the line is the fit to the
supergaussian with equation shown. [This fit merely matches the shape of the
data, compare with Figure 62]
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represents the general shape of the data, which is used to compare to the shape of the coherent

synchrotron data in Section 3.3.4.7. There is no physical motivation for the equation used. The

second effect is that by varying the phase, the electric field strength at the photocathode when the

uv laser pulse arrives changes. A higher field results in an enhancement of the quantum

efficiency (the Schottky effect). When the laser is synchronized with the peak of the rf cycle, more

photoelectrons are produced and the final beam charge is higher. Although variation of the

effective quantum efficiency with the rf phase is illustrated in Figure 58, and the expected slope

on the top of the curve is hinted at, the large fluctuation in the data from the aforementioned

instabilities prevents conclusive observation of the Schottky effect.

3.3.4.3 Beam energy and energy spread

To measure the energy and energy spread of the electron beam, an electron

spectrometer103 is used. The instability of the beam and the small (1 mm diameter) entry aperture

on the spectrometer made coupling electrons into the device a challenging task. As a quick
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Figure 59 Energy spread of the photoelectron beam as measured by the electron
spectrometer. The energy spread is about 1.8%
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solution, a 2 Hz triangular wave was applied to one of the steering dipoles, creating a horizontal

scan of the beam across the spectrometer aperture and ensuring that, on at least some shots, clean

energy measurements could be recorded. A field of 0.73 kG (3 A current) was used and the image

produced by the deflected electrons on the phosphor screen was recorded on Polaroid film. These

images were optically scanned at 600 dots per inch (dpi) resolution into a computer and saved as

eight-bit grayscale TIFF (Tagged Image File Format) files. The distances between reference points

on the image, which correspond to small lights in the spectrometer phosphor, is known. Hence,

one can obtain a spatial scaling factor by directly measuring the distance between the reference

points on the photographs, and their equivalent dimensions in the experiment.

Using the magnetic field strength and the parameters given in [103], the energy of the

beam was determined from the location of the image of the entrance slit to be 1.47 MeV, and the

width of a spot gave a relative energy spread of Dg/g0 = 1.8±0.2% FWHM (see Figure 59). The

dispersion in the magnetic energy spectrometer can be evaluated as follows: the transverse

velocity of the electrons is given by

    

† 

v^ = cb^ = W^r =
eB^

gm0

r (42)

where   

† 

B^is the applied magnetic field and r is the radius of the electron trajectory in the dipole

magnet. Differentiating (42), and using the normalized momentum, we have

    

† 

Du =
Dp

m0c2
=

eB^

m0c2
Dr (43)

for a field of 0.73 kG, the dispersion is 42.7 m-1. As the beam energy is measured at 1.47 MeV, and

a pixel on the recorded energy spectrum corresponds to 0.4 mm, we find that the 4-pixel FWHM

spectrum has a momentum spread Du = 0.068 which corresponds to a relative energy spread Dg/g

= 1.8%, since g2 = 1 + u2.

3.3.4.4 Beam emittance

To measure the beam emittance, direct examination of the beam divergence is made.

First, a phosphor screen was used to determine the size of the electron beam (Figure 60a), which
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was found to be 1.68 mm in diameter. This screen is then replaced by a thin tantalum (Ta) plate,

with three holes of diameter 0.25, 0.5, and 1 mm. Placing this plate in the beam path will

completely stop the beam. The 1 mm-hole is centered on the beam to allow a small sample of the

electron beam, with known diameter, to pass. The phosphor screen is placed 0.997 meter away

from the Ta plate. The size of the electron beam at the phosphor is measured to be 1.84 mm, as

shown in Figure 60b.

Because the spot started with a diameter of 1 mm from the hole in the Ta, this means the

edge divergence of the beam is 0.84 mrad, while the maximum core divergence, for on-axis

electrons, is 1.84 mrad.  Since the charge of this bunch is sufficiently small, space-charge effects

on the emittance are negligible, and this divergence is a direct reflection of the transverse

momentum spread of the beam. The transverse phase space of the beam can then be mapped by

moving the Ta aperture and measuring the corresponding divergence angles. Using this

technique, and limiting the count to 90% of the bunch charge, the normalized emittance of the

beam is found to be en ≈ 1.65 p  mm mrad at 25 pC of charge. This is an excellent number,

especially in view of the relatively low beam energy and absence of emittance compensation;

furthermore, it is in good agreement with PARMELA simulations as presented in Table IV.

Figure 60 Images of the phosphor screen taken a) at the location where the Ta aperture is
placed, and b) a meter downstream from the Ta aperture. The circles represent
the edge of the phosphor screen which is 19 mm in diameter. The oblong shape
of b) results from looking at the screen at a 45∞ angle of incidence.
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3.3.4.5 Bunch duration measurements

To get an estimate of the bunch length, a streak camera operating at its maximum streak

speed of 20 ps/mm is used to image the phosphor screen. The streak image is captured on

Polaroid film, which is then scanned into a computer, as discussed in Section 3.3.4.3. To

determine the resolution of the camera, a measurement of incident uv laser pulses was first made

(Figure 61a). The streak image was measured to be 2 ps long FWHM, which matches the nominal
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Figure 61 Streak camera image line-outs. a) The reflection of the laser beam off the
photocathode with no rf in the gun (and therefore no photoelectron beam and
emission produced). The 2 ps length demonstrates the camera resolution. b)
Emission from the photoelectron beam with the laser blocked by a filter,
showing the duration to be at or below the camera resolution (2 ps).
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resolution of the camera, as the actual duration of the uv laser pulse is well under 100 fs. When

the electron beam is present, a prompt emission is observed on the streak image, followed by an

image of the slow fluorescence of the phosphor. To distinguish between the light emitted by the

electrons, and that corresponding to the diffused light from a uv laser pulse striking the

photocathode, a Plexiglas filter is used to cover half of the entrance slit: only the visible optical

radiation produced by the electrons propagates through the filter, while the laser light is strongly

attenuated; in addition, the delay induced by the refractive index of the Plexiglas can be used to

further calibrate the streak camera. It is unclear if the observed line is purely Cerenkov radiation,

or also produced by fast x-rays interacting with the phosphor screen, but the duration of the light

pulse in either case is directly correlated to the duration of the electron bunch, as shown in Figure

61b, where we find it to be equal to the 2 ps resolution of the camera itself, as determined by the

technique described above; this indicates that the duration of the electron bunch is less than 2 ps.

Further evidence of the extremely short electron bunch duration is obtained by considering the

coherent synchrotron radiation emitted by the electrons when propagating in a short, slow-wave

structure; this is studied in greater detail in Section 3.3.4.7.

3.3.4.6 Timing Jitter

Next, we have studied the timing jitter between the rf fields in the photoinjector, the uv

laser pulses, and the photoelectrons. The measurement of the charge produced as a function of

the laser injection phase provides an indirect estimate of the timing jitter between the uv laser

pulses on the photocathode and the rf fields exciting the accelerator structure: if the jitter is larger

than approximately 10 degrees of rf phase, such a measurement could not be performed; in fact,

the good contrast on the coherent synchrotron radiation curves (Figure 62b) shows that the

transition from photoemission to dark current can only be pinpointed to within 10 degrees.

To obtain a better estimate, we have systematically measured the timing between uv

laser pulses and the visible radiation flashes produced by the photoelectrons on the screen used

in Section 3.3.4.4; this is achieved by acquiring a large number of shots, and using statistical tools

to analyze the experimental results. The first calibration is obtained by carefully measuring the

timing jitter between the streak camera and the incident uv laser pulses; unfortunately, that
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number is found to be high, of the order of 60 ps. This large number is due to jitter in the

oscilloscope, the SRS box, and mostly jitter inherent in the streak camera. The reason for requiring

a low base number is that, for uncorrelated sources of timing jitter, the statistical width of the

measured distribution scales as

      

† 

Dt = Dt1
2 + Dt1

2 +LDtn
2 , (44)

where the Dti correspond to different mechanisms producing timing jitter in the system. For our

experiments, the main known and measured values are: Dtl < 2 ps for the measured laser pulse

duration, as streaked by the camera; Dte < 2 ps for the optical light flashes produced by the

photoelectron beam; finally, Dtls = 60 ps is the timing jitter measured between the streak camera

and the uv laser pulses. Clearly, this last contribution dominates in (44), and limits the accuracy

of our measurement of the timing jitter between the photoelectrons and the incident uv laser

pulses: if the width of the Gaussian statistical distribution can be estimated to within a relative

accuracy, e, it is easily seen that the corresponding precision on the timing jitter will be of the

order of   

† 

2e . In our case, e ≈ 5% and the minimum value of Dtle that can be measured reliably is

approximately equal to   

† 

2e Dtle = 19 ps. Our analysis shows that the width of both distributions,

the uv laser pulses on the one hand, and the Cerenkov radiation flashes on the other hand, are

comparable; therefore, we conclude that the timing jitter between the laser and electron beams is

less than 20 ps. This is an upper limit, and the actual value is most likely much less, since 20 ps

corresponds to around 60 degrees of rf phase. For more accurate measurements, one would need

to compare single-event pairs, but the amount of light produced by the electrons is quite small,

making such a precise measurement a much more challenging task.

3.3.4.7 Coherent synchrotron radiation

As mentioned earlier, the photo-electron bunches produced by the X-band rf gun are

very short, and streak camera measurements put an upper limit of approximately 2 ps on their

duration; thus, they can radiate coherently at short wavelengths. This effect has been previously

observed104. We have performed experiments where the bunches propagate through a corrugated

waveguide and couple to the slow waves supported by that structure. To demonstrate that the
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radiation produced is, indeed, coherent, we have measured the power radiated as a function of

the bunch charge. The variation of the bunch charge can be achieved in two different manners: on

the one hand, the laser injection phase can be fixed, and the uv energy can be changed by using

different combinations of calibrated neutral density filters, as shown in Figure 62a; on the other

hand, the uv energy can be fixed, and the laser injection phase varied, thus taking advantage of

the charge variation with phase, as studied in Sec. 3.3.4.2, and shown in Figure 62b.

The first experimental measurements consisted of measuring the rf power radiated by

the bunches. A coupling horn gathered the radiation from the end of the beamline passing

through a quartz window, and a waveguide section (collinear with the beamline) was used to

provide low frequency cutoff before the wave reached the various frequency detectors used. We

were able to confirm the emission of extremely short pulses of rf power up to Ka-band; at higher

frequencies, the detector speed is believed to be insufficient: the characteristic time-scale of the

radiation bursts is given by the slippage between the photo-electron bunch and the radiation

pulse; as the corrugated waveguide section was only 10 cm long, the pulses were estimated to be

50-500 ps in duration, or approximately 2-20 rf cycles. At low frequency, between X-band and Ka-

band, we were able to measure pulses with a FWHM of 500 ps, as illustrated in Figure 63; this is

to be compared with the detector rise-time, specified at < 600 ps. At higher frequencies, the

available detectors are not fast enough to follow the pulses.
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Figure 62 Coherent synchrotron radiation measurements: a) radiation intensity as a
function of laser energy with a quadratic fit, and b) radiation intensity as a
function of rf phase relative to laser injection. The fit in (b) is the equation
resulting in the fit of Figure 58 squared (only the total amplitude was varied, not
the width).
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The quadratic scaling of the power radiated versus the bunch charge is very clearly

demonstrated in Figure 62a; furthermore, we can take the supergaussian fit from Figure 58,

properly squared, and match the rf data: the agreement is good (see Figure 62b), and confirms the

coherence of the radiation emitted by the bunches. This has important potential application to

millimeter-wave and far infrared coherent radiation generation, as the electron beam produced

by the compact rf photo-injector are fully pre-bunched, and can radiated coherently up to the

THz spectral region. In particular, theoretical work on pre-bunched free-electron masers84 and the

theory of coherence in synchrotron radiation105 has shown that ultra-wideband, chirped-pulse

radiation could be produced at power levels in excess of 2 MW, in the 100-200 GHz range. Such

devices could be extremely useful for advanced radar systems, and as tools to probe materials

and plasmas.

Figure 63 Coherent synchrotron radiation measurements. The upper trace shows the
signal from an X-band microwave detector placed at the end of the beamline,
and the lower trace shows the laser photodiode signal. This demonstrates the
shortness of the microwave radiation burst (below the response time of the
oscilloscope). The horizontal scale is 500 ps/div, and the vertical scale is 20
mV/div for the upper trace and 100 mV/div for the lower.
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Finally, these measurements provide indirect confirmation that the electron bunches

produced by our X-band photoinjector are very short. They also indicate, as pointed out by

Carlsten106, that one must pay very close attention to the beamline design for a system using this

technology, as coherent synchrotron radiation typically degrades the high-brightness bunches

because of correlated recoil effects. This implies that one must avoid bends, bellows, and cavities,

which all strongly couple to the photoelectron bunches, and instead strive to provide smooth,

continuous transverse boundaries for the beamline, in order to minimize unwanted radiation.

Furthermore, the beamline can also be designed to avoid trapped modes, and to provide

quenching of the lower frequency modes by a judicious combination of polarization and cut-off

frequencies for those modes that couple most strongly with the pre-bunched beam.
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Chapter 4. Interaction

The final step in creating a Thomson source is to bring the two beams discussed in

Chapter 2 and Chapter 3 to the interaction point, and produce and diagnose the x-rays. This

chapter will detail the set-up of the interaction region, arguably the most challenging part of

source construction, and then will go through the various x-ray measurement that have been

made.

4.1 Beam Interaction

There are several issues to be addressed in the design of the interaction, such as the

fundamental interaction geometry, how to get the two beams to the interaction point, how to

dump the beams after the interaction in a non-disruptive way, and how to verify the alignment of

the beams.

4.1.1 Interaction Angle

The first decision to make in designing a Thomson source is the choice of interaction

angle between the laser and the electron beam. Recall from Section 1.2.1.1 that

    

† 

w peak = 2g 2 1+ b cosq inc( ) , (5)

so the peak energy is a direct function of the interaction angle. This is one consideration in

choosing the interaction angle, but it is not in general the most significant one. The geometry of

the interaction also has an effect on the x-ray pulse duration, the x-ray flux, and the allowable

laser-electron jitter, all of which result from fairly simple geometrical considerations. To illustrate

the relationships in this section, only 90° and 180° interactions will be discussed; other angles are

result in effects with magnitudes somewhere between these two limits, and the best way to get

quantitative values is through numerical simulations as discussed in [53].

The pulse duration dependence is illustrated schematically in Figure 64. X-rays are

produced only when the laser and electron beams are overlapping. For a 90° interaction, with a

laser duration shorter than the electron bunch length, the x-rays are produced during the transit
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of the laser across the electrons (i.e. the duration of the laser pulse plus the width of the electron

bunch.) This geometry therefore allows x-ray pulses with durations as short as ~100 fs.

Conversely, in a 180° interaction, the laser passes through the entire electron beam. Because the

electron beam is moving at a velocity near c, the produced x-rays essentially stay with the

electron beam, and therefore the x-ray pulse length matches the electron bunch duration.

In fact, in this idealized geometry (collimated laser and electron beams), the duration of

the laser bunch is almost irrelevant: the x-ray pulse length will grow by the amount the x-rays

lead the electron beam over the course of the interaction. This leads to an x-ray duration of

    

† 

Dtx-ray =
c - v( )Dtlaser + vDtelectron

c
= 1- b( )Dtlaser + bDtelectron ª

Dtlaser

2g 2
+ Dtelectron.

For a 50 MeV electron beam,   

† 

g ª 100 so the laser pulse can be 20,000 times longer than the

electron pulse and still only double the x-ray pulse length. A 3 ps electron bunch and a 60 ns laser

pulse, in a head on geometry, will produce an x-ray pulse ~6ps long. Of course, a real interaction

will not occur in this idealized geometry. To maximize the x-ray flux, the density of the electrons
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interaction, b) 180° interaction.
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and photons needs to be maximized, and so both the laser and the electron beam will be focused.

The divergence of the laser and electron beam then give a longitudinal limit to the interaction

region, defined by the laser Rayleigh range and the electron beta function (see Figure 66). In this

case, the laser pulse duration starts to affect not the x-ray pulse duration but the x-ray flux.

Photons that aren’t within the laser focus region while the electron beam is at the focus are

essentially wasted; they will interact with the electrons in a much less dense regime, and so will

produce far fewer x-rays. The focus region is typically a few millimeters long, so having a laser

with a pulse length much longer that an few picosecond is not useful.

The flux dependence is illustrated in Figure 65. In a 90° interaction, most of the electrons

never interact with the laser field. The x-ray flux is directly proportional to the number of

electrons and photons that interact, so if the electrons only see a fraction of the photons, only a

fraction of the potential x-rays will be produced. In a 180° interaction, all the photons in the laser

bunch sweep through the entire electron beam, as illustrated in Figure 65b. Naturally, the limited

overlap of the 90° geometry can be remediated by lengthening the laser pulse, but the flux is still

lower than for a 180° interaction. For example, the photons at the front of the laser pulse would

interact only with the electrons as the front of the electron bunch, so the total number of collisions

would still be reduced from 180° levels. Additionally, this defeats the motivation for choosing a

90° interaction in the first place, namely the shorter-pulse x-ray production. An alternative option

has been discussed107 which would both allow the laser to interact with most of the electrons and

Laser @ t=0

Laser @ t=tf

    Electrons that
see laser light Electron Bunch

 All electrons
see laser light

Laser @ t=0 Laser @ t=tf

Electron Bunch

b)

a)

Figure 65 A schematic illustration of the flux dependence on the interaction geometry. a)
in the 90° geometry, only some electrons interact with the laser; the others go to
waste. b) in the 180° geometry, the laser sweeps through all the electrons,
maximizing the potential collisions.



101

produce a short pulse (approximately the duration of the laser pulse) by scattering at an angle

close to zero degrees. In this case, the x-rays, produced within the envelope of the laser bunch,

copropagate with the laser and so are always within that envelope; the electron bunch length

then becomes irrelevant (except for the same Rayleigh range/beta function overlap caveat made

above). Additionally, the laser interacts with all the electrons, so the flux is maximized. The catch

here is that, from Equation (5), a scattering angle close to zero does not yield much upshift as the

b cos qinc term approaches –1. This means very large accelerators are needed to make high-energy

beams: 180 MeV electrons become necessary to produce 8 keV x-rays in this scheme, whereas in a

180° interaction only 18 MeV electrons are needed).

The third consideration in the choice of an interaction geometry is the acceptable

alignment jitter. In terms of pointing stability, a 90° interaction requires the laser to hit an electron

bunch that is (in the PLEIADES system) 20 µm x 1.5 mm in size, while in a 180° geometry the

target is 20 µm x 20 µm. Although this makes the 90° interaction sound simpler, it is not actually

that significant of a difference. Once the pointing jitter is down to 20 µm in one dimension, which

Rayleigh Range / Beta Function = 2zr

Dt = -2zr/c, t = zr/c

Dt = te - tl = 0,t = 0

Dt = 2zr/c, t = -zr/c

Electron bunch Laser pulse

Figure 66 Diagram showing the allowable laser-electron jitter in a 180° interaction
geometry.
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is necessary for either interaction, getting a similar pointing jitter in the other dimension is fairly

straightforward. A much more significant consideration is the allowable timing jitter. In a 90°

scattering geometry, the laser must arrive at the interaction point while the electron beam is

present. This means the laser must arrive within a window equal to the length of the electron

bunch, otherwise it will miss the beam. Therefore the timing jitter must be less than a couple of

picosecond (or even a few hundred femtoseconds if bunch compression, as discussed in Section

5.1, is to be used). For a 180° interaction, however, the requirement becomes much less stringent.

Figure 66 illustrates the interaction geometry. In this figure, te = t = 0 is defined to be the time at

which the electron beam arrives at the focal point, and tl is the time when the laser arrives at the

focal point. If the laser is timed to arrive at the interaction point between 
    

† 

t = -
2zr

c
 and 

    

† 

t =
2zr

c
,

the two beams will still interact within the focusing region, and still produce an appreciable x-ray

flux. Because this length is generally on the order of several millimeters, the timing jitter can be

several picoseconds and still produce reasonable x-ray fluxes.

Figure 67 illustrates both the flux and jitter dependencies on the interaction geometry.

Simulations of the x-ray flux as a function of delay between the laser and electron bunch are

shown. In a 180° interaction geometry, with a 50-fs, 20-µm diameter laser pulse and a 2-ps, 20-

µm, 5-mm-mrad emittance electron beam, the full-width at half-maximum (FWHM) of the x-rays

produced as a function of the delay between the arrival of the laser pulse and the arrival of the

electron bunch at the focus is 15 ps. For the same beams in a 90° geometry, the FWHM is only 2

ps, and the number of x-rays produced drops by a factor of 10. Also, at a shallow interaction

angle of 172°, simulations show that the interaction window drops to 2.3 ps; this lengthening of
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Figure 67 Simulation data showing the effect of interaction geometry on the x-ray flux and
the allowable jitter between the laser and electron beams.
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the allowable jitter depends on the two beams being completely overlapped within the focusing

region.

Because of concerns about the temporal stability of the laser system and the ability to

detect low x-ray fluxes, as well as the fact that x-ray pulse durations of a few ps would be

sufficient for potential early experiments, we opted to build a system in the 180°, head-on

scattering configuration.

4.1.2 PLEIADES Experimental Set-up

The layout of the PLEIADES interaction region is shown in Figure 68. Because a 180°

configuration was chosen for the interaction, finding a scheme to get the laser and electron beams

in and out of the interaction region is complicated. The electron beam goes straight into the

interaction region via the electron focusing optics, along the main linac beamline. It is focused by

a set of quadrupole magnets with a peak magnetic field gradient of 15 T/m. To aid alignment at

the focus, two cross-oriented dipole magnets steer the beam into this magnetic lens. This beam is

imaged on the alignment cube, discussed in the next section, and the focus is optimized to give

Streak
Camera

Dipole Magnet

Focusing
Quads

Interaction
Region

Off-Axis
ParabolaFused Silica

Mirror

X-Ray Output

Beam
Dump

Figure 68 Layout of the PLEIADES experimental interaction region, showing the laser,
electron, and x-ray beam paths
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the smallest spot. This optimization effectively fixes the transverse position of the focal spot, and

gives the target for the laser alignment. Measurements of the e-beam at the focus have shown a

spot size of 50 µm rms, and rms beam emittances ex = 5 mm mrad and ey = 13 mm mrad, which

were measured using a standard quadrupole scan technique85 (see Figure 69). These numbers

vary day to day, but are generally within 20% of these values.

Following the interaction, the diverging electron beam must be bent away from the x-

rays (which copropagate with the electrons) and dumped. Because the electrons will produce a

significant amount of Bremsstrahlung radiation when stopped, they must be sent to a well

shielded beam dump to avoid adding a large amount of background noise to the measurements.

The separation of the electrons from the x-rays is done via a dipole magnet that bends the beam

30° from the beamline axis. This same dipole is also used to measure the beam energy at the

interaction point. An image of the beam after the dipole, shown in Figure 70, shows a 57 MeV

electron beam (g = 112) with an energy spread of Dg/g=0.2%. This dipole can work with electron

beam energies up to about 90 MeV, at which point the magnetic field saturates and it can no

longer bend the beam far enough. This turns out to be the limiting factor for x-ray energies

PLEIADES can produce, not the amount of acceleration available in the linac sections The space

Horizontal Quadrupole Scan Vertical Quadrupole Scan

50 µm

Figure 69 The electron beam parameters measured at the interaction point. Left and Right:
Quad scan results, showing an emittance of 5 x 13 mm mrad. Inset: an image of
the electron spot size.
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required to fit this dipole limits how close the final laser optics can be, and therefore how tightly

the laser spot can be focused.

The ir laser pulse from FALCON that is to be scattered comes in to the interaction region

offset from the electron beamline by 14", and is focused by a 60" focal length, 12° off-axis

parabolic mirror. The focusing beam is then directed to the interaction region by a 3" diameter,

0.5" thick BK7 dielectric mirror. This mirror becomes important during the data analysis, as the x-

rays must pass through it to get to the detectors. The mirror is mounted on a stepper-motor-

controlled mount, which allows for remote control of the pointing of the laser focus at the

interaction point, and its alignment to the electron spot. The longitudinal focus position is set by

the distance from the parabola to the interaction point, and is fixed. The focusing quadrupole

settings are adjusted to minimize the electron spot size at this longitudinal focal position. The

laser spot is observed to have a mean 1/e2 waist radius of 50.5 µm (58.9 µm FWHM) and a mean

M2 value of 2.32 (Figure 71). The large value for M2 compared to the values measured after the 2nd

amplifier (Figure 16) is due to clipping in the transport chain. To dispose of the residual laser

energy, the beam is allowed to propagate down the linac beamline. As it continues to expand

from the focus, the energy is dumped along the walls of the beamline. Using an ir viewer, the

light from the beam can be seen up to about 15 feet after the interaction point; further upstream

in the accelerator it is not readily visible. However, the light was detected at the photoinjector

Figure 70 Image after the bending dipole, which gives the electron beam energy and
energy spread. This image shows an energy of 57 MeV with 0.2% energy spread.
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end of the accelerator on the energy meter that monitors the PLS laser pulse, 57 feet from the

interaction point.

4.1.3 Alignment Procedure

Once the two beams are in the interaction region is the first half of the story, all that

remains is to align them correctly with each other. Alignment of the two focal spots was

performed with the aid of a 0.3" aluminum cube polished to optical flatness. The cube is mounted

on a three-axis translation stage with its faces oriented normal to the beamline in the vertical

direction, and at 45° to the beamline in the horizontal direction, as diagrammed in Figure 72.

Because the laser beam reflects from the surface, the focus at the surface of the cube can be

imaged into a CCD camera. To avoid damaging the cube or camera, the ir laser pulse energy is

reduced by a combination of mistiming the pump lasers to the b-4-pass amplifier and inserting

neutral density filters to attenuate the beam by a factor of approximately 108. Meanwhile, when

the electron beam strikes the cube, it produces optical transition radiation (OTR), which can also

be imaged by the CCD camera. The vertical alignment of the two beams is then readily apparent,

and the horizontal alignment is determined by positioning the cube such that both beams just hit

the cube edge. Generally, the procedure is to place the cube at the laser focus, which is fixed by

the parabola; optimize the electron beam focus on the cube, which sets the optimal electron beam
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transverse position, and then steer the laser beam laterally to align to the electron beam. To

successfully align the beams, it is important that the cube face be optically flat; any curvature on

the surface will cause the cube surface to act as a lens, preventing accurate determination of the

laser focal spot, and the alignment procedure will fail.

Temporal alignment is more complex than the spatial alignment because the propagation

times for the FALCON laser and the PLS/electrons, which are set by path lengths that are

approximately 70 meters long, must be matched to within a few picoseconds. There are three

steps to the initial synchronization. First, a beam-current pickoff and an ir photodiode are used to

determine the initial timing. The electron beam propagating through the interaction area

generates a short pulse magnetic field, which produces current in two 100-ohm junctions in the

pickoff. The generated signal is then detected by an oscilloscope as ~150 ps FWHM pulses.

Similar accuracy is obtained for the arrival time of the laser by using a fast infrared UHS 016

photodiode. By selecting the correct oscillator pulse to switch into the FALCON regenerative

Laser Beam Electron Beam

CCD Camera

Streak Camera
Figure 72 The system used to align the laser and electron beams spatially and temporally.

The aluminum cube can slide in all three dimensions, allowing the tip to be
placed at the laser focus, and the reflected beams to be sent to either the CCD
camera or the streak camera.
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amplifier, relative to the one switched into the PLS regenerative amplifier, we are able to get the

electron and laser arrival time difference to less than 12 ns (the spacing between pairs of oscillator

pulses).

Second, for more accurate timing, we use a Nikon Nikkor 50 mm f/1.4 lens to image the

OTR and the laser light reflected from the cube onto the 100-µm slit of an Imacon 500 Series

streak camera. This camera uses an S20 photo-cathode with a quantum efficiency greater than 5%

over the visible wavelengths, which makes simultaneous streaking of the OTR and drive laser

light possible. Using a combination of this streak camera and the current pick-off/photodiode

signals mentioned above, the laser and electron paths are brought to within a few tens of

picoseconds by manually sliding the retroreflecting roof mirror in the FALCON compressor

along a 2-m rail (see Figure 19b). Because this mirror is located between the second and third

grating strike in the compressor, its position does not have a significant effect on the compressed

pulse.

The third and final stage of temporal alignment is performed using the streak camera at

its highest sweep speed, 18.7 ps/mm, which gives us temporal resolution of 2-5 ps, limited by the
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Figure 73 Streak camera image of the laser and electron bunches arriving at the interaction
point and hitting the Al cube. Since the laser pulse is ~50fs in duration, the size
of the laser spot illustrates the resolution of the streak camera. The plot shows
the measured separation of the laser and OTR spots for several shots; this gives
a measure of the laser-electron jitter.
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spacing on the microchannel plate that is used as an amplifier for the output phosphor and by the

entrance slit size. Using this signal and a motorized stage under the same roof mirror in the

compressor, we can synchronize the laser and electron beam arrival to the resolution of the streak

camera. This measurement also gives us the relative timing jitter, which is seen to be below the

streak camera resolution. Attempts at further optimizing the timing by maximizing the x-ray

signal directly as a function of the delay between the pulses yield no improvement, indicating

that the temporal overlap achieved with the 2-ps resolution of the streak camera was sufficient

for the 180° interaction geometry.

4.2 X-Ray Production

Once the spatial and temporal alignment is complete, production of x-rays is

straightforward. This section presents several of the measurements of the x-ray source that have

been made to date, with an end goal of trying to measure the actual spectral brightness of this

system. This requires measurement of the x-ray flux, spectrum, duration, spot size, and

divergence (recall that brightness is measured in units of photons·s-1·mm-2·mrad-2·(0.1% BW)-1).

Unfortunately, x-ray pulse duration and spot-size measurements have not yet been performed,

but the theoretical expectations for these numbers based on measured laser and electron pulse

lengths and spot sizes provide reliable numbers to use in the calculations.

4.2.1 X-Ray Diagnostics

The primary diagnostic we have for measurement of the x-rays is an x-ray CCD camera

system. It consists of a 145-µm thick CsI(Tl) scintillator that is coupled by a 3:1 reducing fiber

optic bundle to the input 1:1 bundle of an optical Princeton Instruments PI-SCX1300 camera. This

is a 16-bit, 1340x1300-pixel CCD camera. The chip size is 2.54 x 2.54$cm, which gives a field of

view as large as 7x7 cm, with a pixel size of 60 µm x 60 µm. The scintillator, which is protected by

a 0.5-mm beryllium (Be) filter to keep stray light out, provides a photon detection quantum

efficiency of 0.4 at 60 keV.

The x-ray CCD system was calibrated using a 241Americium (241Am) radioactive source

and a single-photon counting Ge(Li) detector. The 241Am source is mounted in a housing with
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several different metal foils that can be used to generate fluorescence lines, and is referred to as a

“pocket synchrotron”. For the calibration, a terbium (Tb) foil was used, giving fluorescence lines

at 44.5 keV and 50.3 keV in addition to the 241Am 59.5 keV line. The Ge(Li) crystal is 19.8 mm

thick and has a detection efficiency of ~1 for the energies of interest for this experiment, and so

made an ideal instrument for calibrating the x-ray CCD detection efficiency.

The first step of the calibration is to determine how many photons the source is

producing. The source is placed at the entrance window of the Ge(Li) detector, and the spectrum

is recorded for 1 minute. A sample spectrum is shown in Figure 74. The second step is to

determine how many counts the x-ray CCD camera sees from the source. First, a one minute

integration is performed with no source to determine a background level. Then, the 241Am source

is placed against the Be window of the CCD system, and another one minute exposure is

performed. The background and signal images are integrated over the whole CCD, the two

numbers are subtracted, and the result gives the number of counts detected by the CCD due to

the source. Alternatively, the signal and background images can be subtracted from each other,

and the image of the source x-rays can be fit with a Gaussian curve, the integral of which can give

the total number of counts. Both methods gave comparable numbers.

The final step is to take the ratio of the number of counts measured to the amount of

energy deposited in the scintillator to find the counts/keV for the system. The curve of Figure 74,
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Figure 74  241Am source spectrum, as recorded by a Ge(Li) detector.
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NAm(E), is multiplied by the energy E. This curve is then multiplied by the sensitivity of the CsI

scintillator as a function of energy, hCsI(E) (see Figure 76). The total energy deposited into the

scintillator is then

  

† 

Edep = EN Am E( )Ú hCsI E( )dE .

Dividing the number of counts recorded by the CCD camera by the total energy deposited in the

camera gives the sensitivity of the camera, hCCD, which is 0.12 counts/keV. This accounts for the

conversion ratio of the CsI(Tl) crystal, coupling losses into the fiber taper, and CCD quantum

efficiency.

4.2.2 Flux Measurement

A typical x-ray CCD image of the Thomson x-rays is shown in Figure 75, along with
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Figure 75 Left and Right: lineouts through the profile with Gaussian fits. Inset: a sample x-
ray profile.

Table V — Representative x-ray production parameters

Electron Bunch Charge 250 pC
Electron Energy 57 MeV
Electron Spot Size 59 x 38 µm rms
Electron Divergence 1.8 x 3.1 mrad
Electron Emittance 4.2 x 11.2 mm-mrad
Laser Energy 400 mJ
Laser Wavelength 810 nm
Laser Spot Size 36 µm 1/e2 radius
Peak X-Ray Energy 77 keV
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lineouts along the major and minor axes of the ellipse. This spot was produced with the laser and

electron parameters shown in Table V. The asymmetry of the spot is a combination of the laser

polarization effect discussed in Section 1.2.1.2, and the asymmetric emittance of the electron

bunch as measured in Section 4.1.2, which results in a larger electron beam divergence in the

vertical direction than the horizontal direction, and therefore a larger vertical x-ray divergence as

well. The measured x and y  divergences of the beam are 3.1 mrad and 5.8 mrad , respectively.

To compare this result with what the theory predicts, the code from [53] is used. The

electron bunch is constructed from a 6D Gaussian distribution of particles with spot sizes and

divergences as given by the measurements at the interaction point shown in Table V. The code

gives N(qx,qy,w), the number of photons emitted as a function of direction and frequency. To

allow for a direct comparison of the x-rays measured with the profile expected, the transmission

to the CCD must be accounted for; the correlation between position and energy in the beam that

results from Eq. (24) means the beam shape depends on the energy dependant transmission of

the BK7 final turning flat (TBK7(w)), and the spectral response of the CsI scintillator (hCsI(w)). BK7

consists of 67% SiO2, 12.6% B2O3, 8.1% Na2O, and 12.3% K2O by weight, so the transmission curve

can be calculated from known attenuation factors for each element108 and the density of the

material, which is 2.51 g/cm3, and is shown in Figure 76. The greater attenuation of the lower

energy x-rays in the BK7 substrate  means the measured profile will be narrower than expected.

What is observed on the camera is

Figure 76 Left: spectral response of the CsI(Tl) scintillator, Right: transmission of the  0.5",
40°, BK7 final turning mirror.
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† 

F q x,q y( ) = hwN q x,q y,w( )Ú TBK 7 w( )hCsI w( )hCCDdw ,

where hCCD is the detection efficiency of the CCD discussed in Section 4.2.1. Figure 77 shows the

theoretical profile and the measured and predicted lineouts along the major and minor axes of

the profiles, which shows very good agreement. To measure the flux of the x-rays, first the

Gaussian fit to the measured x-ray profile is integrated to obtain a total number of counts. Then

the theoretical profile can be similarly integrated to give a total predicted number of counts.

Because the number of photons produced in the code is known, the ratio of the difference in

counts can lead to an inference of the total flux of x-rays produced at the source

    

† 

N measured =
NTheoretical q x,q y,w( )dq xdq ydwÚÚÚ

FTheoretical q x,q y( )dq xdq yÚÚ
Fmeasured q x,q y( )dq xdq yÚÚ ,

and gives an estimate of 4.6 ¥ 106 photons/shot. The caveat here is that this assumes the Thomson

spectrum matches what theory says it should; a spectrum is required to confirm this. However,

the fact that the theoretical and measured profiles match so well, despite such a strong spectral

dependence of the transmission functions, implies the spectrum is not too far off from the

theoretical value.

This same measurement was performed with x-ray peak energies ranging from 40-140

keV, with similar flux results for all energies. More significantly, the entire range was spanned in

one evening of data taking, which demonstrates the ease of tuning with this method. A second

measurement that was performed was a scan of the delay of the laser relative to the electron

major axis minor axis

Figure 77 Left and right: the measured and theoretical profile lineouts. Inset: theoretical x-
ray profile for the measured laser and x-ray parameters.
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beam, recording the change in the x-ray flux. The CCD images for each delay were captured and

fit with a 2D Gaussian function. The Gaussian amplitudes are plotted in Figure 78. Also shown

are two fits, one to a Gaussian,

    

† 

FG t( ) = Ae
-4ln 2

t-t0
s w

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

2

,

 and one to a Lorentzian

    

† 

FL t( ) =
A

1+
2 t - t0( )

s t

Ê 

Ë 

Á 
Á 

ˆ 

¯ 

˜ 
˜ 

2
.

Both use the same fit parameters: A = 1550, t0 = 1, and s t = 21. This width corresponds to a

FWHM for the signal of 6.3 mm. The width of the interaction region should correspond to the

smaller of the laser Rayleigh range or the electron beta function. The Rayleigh range is given by

    

† 

2zr =
2pw0

2

M 2l
 =8.4 mm,

which corresponds well with the observed temporal profile. This also corresponds well with

Figure 67, and illustrates the relative insensitivity to jitter of the 180° scattering geometry. The

width is wider than shown in Figure 67, however the spot size and M2 are both larger, so the

Rayleigh range is also larger.
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Figure 78 A plot of the x-ray amplitude as a function of laser delay relative to the electron
beam, and two fits, one Gaussian and one Lorentzian, with the same fit
parameters.
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4.2.3 Spectral Measurement

To measure the x-ray spectrum, there are three methods available. The first is to use

energy-sensitive detectors, such as the Ge(Li) detector used to calibrate the x-ray CCD camera.

Also available is an AmpTek XR-100CR x-ray diode, with a 25 mm2 active area. Both these

devices work by measuring the amount of energy absorbed by the crystal during an integration

period, which is typically on the order of microseconds. This means they can only see one x-ray

photon per shot to produce an accurate spectrum. The problem with using these devices is that

there is a large, high-energy background where the x-rays are to be detected both because the

electron beam is dumped nearby, and also because the detector looks straight down the linac: any

beam scraping  or dark current can generate x-rays up to the energy of the electron beam (tens of

MeV). Providing sufficient shielding from these x-rays would completely block the x-rays under

study. Good shielding, a small pinhole aperture, and careful data rejection to eliminate noisy

shots might be able to produce a reliable spectrum, but this has not been attempted yet due to

time constraints on data taking.

The second method to measure the spectrum is to use the narrow bandwidth of a Bragg

crystal to measure the spectrum. A bent-crystal x-ray spectrometer109 has been built for this

purpose, which is designed to be used in conjunction with the CCD camera, but comparatively

low flux of x-rays at any given energy, coupled with the large backgrounds seen on the camera,

make the diffracted spot impossible to see. Using a reflective Bragg crystal is hindered by the fact

that the low energy (< 40 keV) x-ray are almost fully absorbed by the BK7 substrate through

which they must pass to reach the detector, and to measure the higher energies requires very

small angles on the crystals. The gated, intensified CCD camera discussed in Section 5.1 would

improve the chances of the spectrometer signal being detected, and it is expected that a LiF

crystal could be used as a monochromator to directly determine the spectrum; both of these will

be tried in the future when time allows.

This leaves one final method of determining the spectrum. In most materials, the

attenuation of x-rays is a very strong function of energy. Therefore, by filtering the signal with a

material with a known attenuation, we can infer details about the spectrum. Ideally, one would
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use a filter with a square profile, so that in a range from Ei to Ei + DE the transmission is one, and

elsewhere it is zero. This is very similar in effect to using a crystal to diffract the beam; in the

diffraction case, only energies in a narrow range get bent out of the main beam path for detection,

just as only energies in a narrow range get transmitted by our hypothetical filter material.

Unfortunately, such a material isn’t available, so other schemes must be tried.

One possibility is to make use of the sharp cutoff in transmission of a material near its K-

edge (see Section 0). Figure 79 shows the transmission through hafnium (Hf) and tantalum (Ta)

foils as a function of energy108. If two consecutive images of the x-ray beam were to be taken, one

with the Hf foil in the beamline and one with the Ta foil in the beamline, the images could be

subtracted from each other, leaving a net spectral sensitivity as shown on the right side of Figure

79. Using numerous pairs of foil, coarse spectral data can be obtained this way; the resolution of

course is limited to the differences in K-edge locations, typically 1-2 keV apart from element to

element. The problem with this method is numerous foils of numerous metals must be obtained

to perform the measurement. On the experimental side, the problem in implementing this

scheme was that the beam wasn’t stable enough shot to shot to get a reliable measurement; the

location of the x-ray spot would change, as would the intensity. Once these stability issues get

addressed, there is a good chance this method would be experimentally feasible, if not too costly

for foil procurement.
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The alternative to varying the material in the filter is to vary the thickness of the filter.

The transmission through a material is given by

    

† 

T w, d( ) = e
-rm w( ) d

where r is the density of the material (g/cm3), m(w) is the mass attenuation coefficient (cm2/g),

and d is the material thickness. The nonlinear nature of transmission as a function of thickness

allows for the extraction of spectral information by comparing the relative attenuation as a

function of material thickness.

Aluminum is chosen for the material due to it’s ready availability in thin sheets. Images

are recorded with the x-ray CCD of the beam transmitted through 1 to 27 Al plates, each of

thickness d=787 µm. The plates are aligned such that half the beam passes through them, and the

other half is unobstructed. This allows us the shot-to-shot variation in total x-ray flux to be

compensated. A sample image and lineout is shown in Figure 80. By examining the relative

magnitude change at the interface, the amount of attenuation for that thickness of Al can be

determined. First, the theoretical spectrum is used in conjunction with the known aluminum

transmission function to calculate what transmission is to be expected. Figure 81 shows the

predicted and measured transmission; the agreement is good. This implies the spectrum is likely

similar to what we expect to get from the theory.

The next step is to try to get a more quantitative measure of the spectrum. The signal

transmitted through the Al plates is given by
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Figure 80 Transmission of x-rays through aluminum foil, and a lineout through the image.
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† 

T d( ) = S E( )e-drAlmAl E( ) dE
0

•

Ú , (45)

where 
    

† 

S hw( )  is the spectrum we are trying to find. We can allow the spectrum to be discretized

to make the problem simpler to solve, at the expense of resolution. Therefore, we assume that the

spectrum has the form

    

† 

S E( ) = siR E Ei , DE( )
i=1
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Assuming the spectrum goes to zero outside the range covered by this sum, and plugging it into

(45), gives

    

† 

Tn = T nd( ) = si e
-ndrAlmAl E( ) dE

Ei -
DE

2

Ei+
DE

2

Ú
i=1

m

Â

or, rewriting it slightly,

    

† 

Tn = M nisi
i=1

m

Â

M ni = e
-ndrAlmAl E( ) dE

Ei -
DE

2

Ei+
DE

2

Ú

which is a simple linear system of n equations with m unknowns (the si); the Tn are measured

from the recorded images, and the Mni are calculated from the transmisson of Al given in [108].

The only component remaining undefined is the the Ei and DE terms. The assumption that the

spectrum goes to zero outside the calculated range puts some limits on the choices; the entire

signal must be included. Repeatedly solving the system with different values for the energy bins

always produced nearly identical results, or resulted in non-physical solutions (negative si’s). The
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Figure 82 The theoretically predicted spectrum, and the spectrum inferred from the Al
transmission measurements. The modulation on the theoretical spectrum is a
statistical error due to too few electrons being used in the code.
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resultant spectrum, based on 9 data points (and therefore quite coarse), is shown in Figure 82.

Also shown is the theoretical spectrum for comparison. The modulation visible on the theoretical

beam is a result of statistics in the modeling code: when few electrons are used, the produced

spectrum is not smooth, though the general shape matches that generated for a large number of

electrons. The evidence suggests that we are indeed generating the expected spectrum.

Nonetheless, a more direct measurement would be desirable.

4.2.4 K-edge radiography

As mentioned in the previous section, materials have a sharp drop in transmission at

what is known as the K-edge of the material. This is the point at witch the incoming photon has

enough energy to eject an inner (K) shell electron. This is observed in the transmission spectrum

as a very sharp drop in transmission right at the energy corresponding to the onset of photon

absorbtion, then a fairly fast rise to high transmission as the photon continues to increase. There

are similar edges, at lower energies, for absorption by electrons in the other shells (L, M, etc.) as

well. This property allows for useful measurement techniques such as contrast enhancement by

difference imaging. For our purposes, it provides a filter that will demonstrate the spatial
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Figure 83 The x-ray spectrum as a function of divergence angle
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dependence of the spectrum, and provide further evidence for the accuracy of our theoretical

code results.

Figure 83 shows the predicted x-ray energy as a function of observation angle, with 0

corresponding to the electron propagation direction. If this beam is made to propagate through a

0.005" Ta foil, which has a transmission function as shown in Figure 79, the photons with energy

just above the K-edge at 67.46 keV will be blocked, and given the profile shown in Figure 83, that

means the photons in the center will be blocked. If the x-ray beam energy is raised a bit further,

the central x-rays will start to transmit through the material more efficiently as their energy
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Figure 84 Theoretical and measured transmission through Ta foil. a) theoretical 72.8 keV
peak trasnmisson, b) theoretical 78.2 keV peak transmission, c) measured 72.8
keV peak transmission, d) measured 78.2 keV peak transmission
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climbs the steep slope of the transmission curve, leaving a dark ring in the middle of the x-rays

spot.

The theoretical and measured transmission at 72.8 and 78.2 keV on-axis peak x-ray

energies are shown in Figure 84. The excellent agreement between the measured and theoretical

serves as further indication that the code used to simulate the x-ray beam production produces

accurate results. A similar test was done with depeted uranium (U) with a K-edge of 115.6 keV,

and the results are shown in Figure 85. Again, the agreement is quite good.

4.2.5 Brightness Determination

The question that now remains is the brightness of the source; where does it fall on

Figure 1. Because the spectrum seems to match that which is predicted by the theory, we will use

the theoretical spectrum for the calculation. A single-shot image records 480 counts in the central

6 x 6 pixel cell. The total energy detected per unit solid angle is then

    

† 

Emeas =
NCCD

hCCD

Dx
z

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

2

Meanwhile, we have a theoretical value for the number of photons emitted per unit frequency

per unit solid angle,
    

† 

d 2 N
dwdW

, from the code of [53]. We can then find the total energy that would be

expected at the CCD,

73.5 MeV, 15 mil

800 x 800 pixels 800 x 800 pixels
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Figure 85 Measured and theoretical transmission through U foils with on-axis peak
energy of 122.8 keV.
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This provides the magnitude scaling of the predicted spectrum. We can then use the theoretical

spectrum to get the bandwidth portion of the brightness:

    

† 

Emeas

Etheo

d 2 N
dwdW

10-3w( ) = 24.4
photons

mrad2 ⋅0.1%BW
.

The next component of the brightness is the source size. This can be approximated from

the known laser and electron spot sizes. The overlap integral gives

    

† 
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-

2r2
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2

e
-
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2s 2

2prdr
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•

Ú =1.19·10-3 mm2.

Similarly, the temporal durationis given by the electron beam length, and so

    

† 

Dt = e
-
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2s 2
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0

•

Ú =7.52 ps.

Putting these all together gives

    

† 

1
DA

1
Dt
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d 2 N
dwdW

10-3 w( ) = 2.75 ⋅1015 photons

s ⋅ mm2 ⋅ mrad2 ⋅0.1%BW
.
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Chapter 5. Looking Forward

To date, a successful Thomson scattering source has been demonstrated, and the

theoretical model of the x-rays expected from a Thomson source has been verified. The obvious

next question is “What now?”, to which there are two sets of answers. The first set relates to the

PLEIADES facility itself, and how it can both be improved (better x-ray quality, more sensitive

diagnostics, higher energy production, etc.) and used (how an experiment can be done). The

second set relates to Thomson sources in general: how they can be designed to reached unique

diagnostic regimes that are difficult to achieve with other x-ray sources discussed in Section 1.1.1,

and what schemes might be used to improve or simplify the interaction process.

5.1 Upgrades

First, regarding the PLEIADES facility itself, there are several improvements and changes

that can be made to improve the x-ray beam quality and utility. The first of these, which has

already been implemented, is the replacement of the enhanced quadrupole magnets discussed in

Section 4.1.2 with new permanent magnet-based quadrupoles (PMQs). The biggest advantage

PMQs would offer a Thomson source is the much larger magnetic field gradient they can

produce, which translates into a much stronger focus of the electron beam. For our system, the

focusing strength goes from 15 T/m to 500 T/m when the enhanced quadrupoles are replaced by

PMQs, producing a smaller x-ray source spot. With this smaller spot, the total x-ray flux is also

expected to improve, since more of the electrons see the greater photon density at the center of

the laser focus instead of passing by in the wings of the laser beam. Despite the higher flux and

smaller spot size, both of which imply an improved brightness, it is unclear whether the total

brightness would in fact go up; the trade-off in reducing the spot size by focusing the electron

beam harder is an increased angular spread in the electrons at the focus; the emittance of the

beam remains unchanged. This larger electron divergence translates to larger x-ray divergence,

and therefore lower brightness.
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There are a few practical downsides to the switch to PMQs; first, because the magnets

are, by definition, permanent, the focusing control usually provided by adjusting the current in

the quadrupole magnets (and consequently the magnetic field strength) is lost. This leaves the

spacing between the magnets as the only adjustment available to change the focusing properties

of the system. A second difficulty with this system is that, because the electrons are focused so

much harder, the focal point moves much closer to the quadrupole. Fortunately, in the 180°

Figure 86 Photo and CAD model showing the permanent magnet quadrupoles, including
the hardware necessary to adjust the magnet spacing, the only free parameter
with these quads.
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geometry being used in PLEAIDES, this doesn’t prove to be too significant of an issue because

the laser beam still goes straight down the beam pipe; however, it does limit the lower energy of

the system to ~50 MeV electrons – lower energies focus inside the PMQ assembly, making them

impossible to diagnose: the alignment cube from Section 4.1.3 can’t be placed at the focus. Yet

another complication results from the need to collect and dispose of the electron beam after the

focus: because the beam is expanding much faster from the tighter focus, getting the whole beam

through the dipole spectrometer and into the beam dump without losing much energy to the

walls (which would create x-rays and therefore noise in the detection system) is much harder.

Finally, because the PMQs can’t be turned off or easily adjusted, beam parameters such as the

energy, energy spread, and emittance must now be measured upstream of the interaction region.

Although it is not expected the parameters would change by going through the quads, at present

we have no way to determine this conclusively. A PMQ set-up has been designed and

implemented by collaborators at UCLA to be used on the PLEAIDES system (see Figure 86), and

it has produced spot sizes <20 µm. Attempts are being made to quantify the increased levels of

noise in this setup.

The next upgrade is a replacement of the x-ray CCD camera currently being used for all

the measurements. The current fiber-coupled camera system, described in Section 4.2.1, has a

very high electronic noise background. Furthermore, attempts to integrate the x-ray signal for

long periods of time tend to increase the noise significantly. This is mostly due to the fact that,

while the x-rays of interest are only present for a few tens of picoseconds every second, the

background is around for microseconds (e.g. from dark current in the accelerator), or

continuously (from activated components in the cave). In an attempt to solve this problem, a

Princeton Instruments PI-MAX-512 CCD system was borrowed and tested. This system uses a

gated image intensifier, with a rise time on the order of nanoseconds. The x-ray beam has been

observed using this camera with signal-to-noise ratios greater than 10:1 (as compared with the

sometimes 1.5:1 of the PI-SCX camera originally used, see Figure 87 for a comparison).

Additionally, because of the gating, long integrations can be performed without significantly

increasing the background. The downside of this camera is that it is not fiber-coupled. This

means the CsI scintillator must be imaged with a lens onto the intensifier cathode, which
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significantly reduces the light capture of the camera (<1% of the total light produced is collected).

Based on the positive results with this camera, a new camera has been ordered that is both gated

and fiber coupled, which should make experimental measurement much more accurate, and

require fewer x-ray photons to perform them.

To increase the available x-ray flux, the final turning mirror, discussed in Section 4.1.2,

will be replaced by a mirror with two holes drilled through the center, as shown in Figure 88. A

5-mm aperture is used for the holes, which will allow the central 5 mrad x-ray cone to pass

through without the absorption 0.5" of BK7 glass would cause, which at 70 keV attenuates the

signal by 40% and effectively blocks x-rays below 40 keV. The second hole is to allow the portion

of the laser beam which would normally be reflected where the x-ray aperture is located to pass

through the optic without depositing energy and ablating the glass on the side of the hole.

Conveniently, this escaping beam can make a useful ultrafast pump for experiments, because it is

well synchronized with the x-rays; such an experiment is discussed in Section 5.2.

Two other changes to the linac system (aside from the installation of the PMQs) are also

being planned. The first is the use of a magnesium cathode instead of the current copper cathode.

A small (< 2 mm diameter) magnesium plug would be embedded in a standard copper cathode

and placed in the gun. The quantum efficiency for magnesium is over ten110 times larger than for

copper, so this would allow production of the same beam current with one tenth of the uv pulse

energy. This means that energy could be sacrificed to produce more uniform spatial profile

Figure 87 Comparison of x-ray image of original and gated cameras Left: Original camera
Right: Gated Camera.
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(compared to the highly irregular profile shown in Figure 39), or in producing a flat temporal

pulse, either of which in turn could yield an improved electron beam and higher x-ray

brightness. Alternatively, the uv system could be kept the same and a larger current could be

produced, directly increasing the x-ray flux by increasing the number of scattering electrons.

The final change to the acceleration system, which has been tested already, is to

temporally compress the electron beam. Because the x-ray duration in the 180° interaction

geometry of PLEIADES is directly related to the electron bunch length, a short electron bunch

would translate into a shorter x-ray pulse, with a higher corresponding peak brightness. The

process is illustrated in Figure 89. Standard electron acceleration is performed with the electron

bunch riding the crest of the rf field; the field is fairly constant over the length of the bunch, and

provides a uniform accelerating gradient to the whole bunch. In the velocity compression

scheme, the beam is injected into an accelerating section, not at the peak of the rf field, but at the

zero crossing. Here, the latter part of the bunch experiences a positive accelerating gradient, and

Figure 88 Replacement final turning mirror, with two holes drilled to allow the central
part of the x-ray and laser beams to pass through it.
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starts to catch up to the earlier electrons. Conversely, the electrons at the front of the beam

experience a negative accelerating gradient and are slowed so as to drop back toward the center

of the bunch. Thus, the bunch length is reduced. Bunch durations less than 300 fs have been

demonstrated with the PLEIADES accelerator using this scheme111, which implies the x-rays

produced are similarly ~300 fs in duration.

5.2 Experimental work

There are two experiments currently planned using the PLEIADES source: one that will

further test Thomson scattering theory, and one that will demonstrate the material study

capabilities of the system. The first experiment will be a study of dynamic diffraction of gold. An

Figure 89 Velocity compression. The upper figure show standard acceleration: the electron
bunch rides on the crest of the rf field, and the whole beam sees nearly uniform
accelerating gradient. The lower figure shows the compression scheme: riding
the zero crossing of the phase, the back of the electron bunch is accelerated and
the front is decelerated, making the bunch shrink in length.
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ultrashort laser pulse impinging upon the gold crystal will excite phonon modes in the crystal,

which means that the lattice spacing will become a function of time; it is this temporal

dependence that would be studied. With a collimated, monochromatic beam, this is a fairly

straightforward task: with the crystal aligned such that the Bragg condition,

    

† 

2d sinq = l

(where d is the lattice spacing, q is the incidence angle, and l is the x-ray wavelength), is met, the

diffracted signal is monitored. As the spacing varies from d, the signal will drop, giving an

indication of the lattice spacing as a function of time.

Unfortunately, Thomson sources are neither monochromatic nor collimated. With the

same setup and a polychromatic beam, as d varies, instead of the signal dropping, a different x-

ray energy is reflected. With a non-collimated beam, there are different energies, impinging at

different angles, which get diffracted by the crystal; a change in the lattice spacing then changes

where which energies are going. All this makes the diffracted signal more difficult to sort out,

and the change induced becomes a small perturbation to the overall signal being diffracted. This

is then compounded by the fact that, unless the entire thickness of the crystal is deformed by the

laser pulse, there will still be a strong component of the diffracted signal that results from

diffraction from the unperturbed portion of the crystal. The expected change in the diffracted

signal with a non-collimated, polychromatic source is then very small. There is, however, a

solution.

This experiment will be very similar to one done at Lawrence Berkeley National

Laboratory (LBL) using indium antimonide (InSb)112. There, they overcame these problems in two

ways. First, the x-rays were collimated with small apertures, which also cut the flux down to

approximately one photon every ten shots. Then, the spectrum and flux of the diffracted beam

was monitored. As the lattice spacing increased, lower energy x-rays were diffracted from the

crystal. This was observed as a broadening of the spectrum, and as a shift of the center of the

spectrum. The measured shift was approximately 0.1% (from 29.72 keV to 29.68 keV, see

Reference 112, Figure 2). However, the detector they used had a claimed resolution of only 1%, so

although the numbers agree with the theoretical predictions, they are not fully convincing.

Additionally, >104 shots had to be integrated over to obtain the spectrum at each delay point.
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There is a method, however, which could provide a more robust experimental result, and allow it

to be done without as many shots, because a single-photon-counting detector is not necessary;

this is the method proposed for the first PLEIADES experiment.

The setup for this experiment is show in Figure 90. The FALCON laser follows the same

path as discussed in Section 4.1.2. The final turning mirror in this case however has two holes

drilled in it, as shown in Figure 88, to allow parts of the laser and x-ray beams to pass through it.

Running at full power, with 540 mJ of ir light reaching the interaction region, approximately 25

mJ of light is expected to pass through the 5 mm hole in the mirror. The portion of the laser that

passes through the mirror will then be up-collimated with a pair of lenses, and sent through a

window out of the vacuum chamber. A waveplate and polarizer will be used to adjust the laser

energy getting to the crystal. A delay stage will be used to adjust the timing of the laser arrival

relative to the x-rays. The x-rays will propagate through the final turning mirror and leave the

vacuum via a 300 µm beryllium window. They will diffract of the gold sample and be detected by

the x-ray CCD camera.

The solution to the problems of a polychromatic, uncollimated source is the use of a K-

edge filter to create a sharp edge in the spectrum. Figure 91 illustrates how this affects the

diffraction. The upper left side of the figure shows the diffraction spot expected at the angle q0,

given by

X-Ray CCD

Pump Delay

Waveplate

Polarizing
Beamsplitter

Beryllium
Window

Laser Window

Gold Crystal

Expanding and
Collimating Lenses

Mirror with
Hole

Figure 90 Experimental set-up for the initial dynamic diffraction experiment.
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† 

2d0 sinq 0 = lk ,

where d0 is the unperturbed lattice spacing and lk is the wavelength of the K-edge of the filter

material. The spot is large, and a small change in the lattice spacing will essentially cause this

shape to shift to the right or left somewhat, as the angle matching the Bragg condition changes.

Once the filter is inserted, however, there are no longer any x-rays at shorter wavelengths than lk.

Therefore, photons incident upon the surface at an angle q0+dq, which would require l > l k,

would still diffract, and show up at q0+dq, while photons incident at an angle q0-dq, which would

show up then at q0-dq, would have been absorbed by the filter because of the requirement that l <

lk. This leaves the profile shown on the upper-right portion of Figure 91, with a dark,

“background-free” region with no detected x-rays.

UntaggedBackground TaggedBackground

TaggedSignal TaggedBackground+UntaggedSignal UntaggedBackground+

Figure 91 Diffracted x-ray profile with - Upper left: unperturbed crystal, unfiltered x-rays,
Upper right: unperturbed crystal, filtered x-rays, Lower left: perturbed crystal,
unfiltered x-rays, Lower right: perturbed crystal, filtered x-rays.
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When the lattice is then deformed, the shape of this edge will change. For d  > d 0, the

diffraction angle q  < q0 will cause x-rays at the K-edge to move left, into the dark region, where

they would be easily visible. Conversely, for d < d0, the diffraction angle q > q0 will cause the dark

boundary to move to the right. The lower portion of Figure 91 illustrates the former case. The

lower-right side shows the observed diffraction pattern when the center of the crystal is

perturbed (the upper and lower edges are unperturbed). The x-rays near the K-edge where the

lattice spacing has increased now appear in the dark region. Note that, because the region is dark,

there is no background from the undistorted portion of the crystal to interfere with the

measurement. The lower-left side of the image shows the result without the K-edge filter. Here,

the small perturbation must be seen against the background of the higher-energy x-rays

diffracting off the unperturbed portion of the crystal. Comparing the two left images with the

two right images illustrates the advantage of the filtering technique. This should provide a more

robust measurement of the changing diffraction pattern as the gold lattice spacing changes than

the LBL experiment offered.

The second experiment planned is a further test of the theory of Thomson scattering by

going into the non-linear scattering regime. This is done by replacing the 60" focal length

parabola with a 12" focal length parabola. This much tighter focus should allow a focused beam

size of approximately 6 µm, which would push the normalized vector potential a0 above 1. The

setup for this experiment is shown in Figure 92. The effect discussed in Section 1.2.3, depression

of the peak x-ray energy, is expected to be observed; the easiest way to detect this is to repeat the

K-edge transmission measurements of Section 0. If the x-rays are tuned above the K-edge, so that

the hole is seen as in Figure 84, with a0 < 1 (accomplished by not fully compressing the laser

pulse), then a0 can be turned up, and the x-ray peak energy will drop, causing the hole to fill in.

Naturally, a direct spectral measurement would be ideal, but this is a good alternative until a

suitable method to record the spectrum is found.

5.3 Scalability

Having successfully demonstrated a Thomson source, and verified the accuracy of the

Thomson codes that have been created, it is now possible to look at the future possibilities for a
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sources such as PLEIADES. There are two areas for improvement. Once is in the brightness of the

source, the other is in the peak energy of the system. Hartemann113 has come up with a scheme to

improve the brightness by increasing the photon flux incident on the electron bunch that avoids

the pitfalls of nonlinear scattering by using them to the advantage of the system.

Recall there are two effects in non-linear scattering: the depression of the peak energy,

and the introduction of harmonics. Preliminary nonlinear theory work (which is hoped to be

partially verified with the nonlinear experiment discussed in the previous section) has shown

that the various harmonics produced can be suppressed by using circularly polarized light (to

eliminate the high orders), and by making the laser pulse square temporally (to eliminate

transient harmonics which come from the ramping up and down of the electron oscillation as it

enters and exits the laser focus). So with a properly shaped pulse, the laser intensity can be

turned up well past a0=1, with the electron energy boosted accordingly to maintain the x-ray

energy, to get much higher brightnesses than linear systems can produce.

Figure 92 Laser setup for the nonlinear Thomson scattering experiment.
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Although capable of creating very short x-rays pulses, the simple scaling to higher

energies is a potentially much more attractive feature of Thomson sources. As was shown in

Figure 1, x-ray flux drops off rapidly at high energies for current synchrotron sources. 1 MeV

energies are well beyond the range of modern synchrotrons: either the ring energy would have to

be dramatically increased, or undulator periods would have to be significant decreased.

However, a 1 MeV Thomson source is quite easy to envision. Currently, the PLEIADES

facility is running with four of five available SLAC sections, each capable of producing between

20 and 30 MeV of acceleration. If the fifth section is added to the system, an electron beam energy

of 120 MeV should be easily achieved. Currently, the FALCON laser produces 810 nm light to

scatter. If that light is frequency-tripled to 270 nm, (5) tells us that the peak photon energy will be

1021 keV. This would be a 1 MeV short-pulse x-ray source, with well established technology.

Energies at that level would be excellent for many radiography measurements. The transmission

of materials as a function of x-ray energy in general increases as energy increases, until around

the 5 MeV level, at which point it begins to rise again. This is because once the x-ray energies get

above 1.022 MeV, there is enough energy for pair creation. By passing these high-energy x-rays

through a dense material, a very bright positron source can be produced, with very small

positron bunch lengths.

It is clear that there are several potential developmental paths a Thomson scattering

source can take from this point. Which one will depend on the desired application and therefore

most important feature: shorter pulse, higher energy, or higher brightness. A Thomson source

proves to be a useful alternative to other technologies in several regimes.
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